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A B S T R A C T

Honeybush tea is made from the fynbos plant Cyclopia subternata, which is unique to South Africa. Cultiva-
tion takes place in its natural environment, which has a Mediterranean climate with dry summers and wet
winters. During the summer, the plant is vulnerable to drought, an abiotic stress factor that is likely to affect
its development and yield. This study investigated the effect of drought stress for a short duration on the
leaf, as well as the quality of the herbal tea. Protein expression in the leaf was measured to gain insight into
possible mechanisms used by the plant to cope with drought stress conditions. Fifteen-month-old C. subter-
nata plants were subjected to three water treatments (control, moderately-stressed (MS), and severely-
stressed (SS)) for ten days. Leaves were sampled at regular intervals throughout the treatment period to
determine their relative water content (RWC). Leaves were also sampled on the 11th day for untargeted and
targeted chemical composition and protein expression analyses. The remaining leaves and stems were proc-
essed to obtain the herbal tea. Descriptive sensory analysis of the herbal tea was performed to determine
whether drought stress affected product quality. RWC was substantially higher (p < 0.05) in the control
plants (100%) than in the MS and SS treated plants (83�90% and 47%, respectively). Untargeted analysis
revealed that drought stress considerably altered leaf chemical composition. According to targeted analysis,
the proline content of SS treated plants increased more than 40-fold when compared to the control, however,
the treatments had no effect on the total carbohydrate and major phenolic compound content of the leaves,
nor on the sensory quality of the herbal tea. Differences in the expression of 27 proteins, 24 of which were
identified using proteomic analysis, were observed. During drought stress, 17 of these proteins increased,
whereas seven decreased. Thirteen of the 24 identified proteins produced statistically significant results
based on their Byonic scores. The findings laid the foundation for future research into the functions of
drought response genes in Cyclopia species, as well as helping with the identification of stress-tolerant hon-
eybush genotypes.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Cyclopia subternata, a fynbos plant with trifoliate, flattened,
oblong leaves (Slabbert et al., 2011), is one of the Cyclopia species
(Fabaceae family) domesticated for honeybush tea production. Its
cultivation takes place in the southwestern part of South Africa, an
area with a Mediterranean climate, characterised by long, dry sum-
mers and wet, cold winters. Drought is thus already a problem
throughout the summer months, and rising temperatures caused by
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global warming are likely to exacerbate drought conditions due to
increased evapotranspiration (Wu et al., 2022). Rainfall in the West-
ern Cape Province is anticipated to be 30% lower by 2050 than at
present (Grosling, 2019).

In comparison to other environmental stresses, drought is one
environmental condition that significantly lowers crop productivity
(Hura et al., 2022). Therefore, identifying and understanding all levels
that regulate adaptive mechanisms and crop plant resilience in the
context of drought stress is crucial when attempting to breed stress-
tolerant cultivars. Despite this need, the response of the honeybush
plant to drought stress is yet unknown, necessitating research that
would assist in mitigating the risks associated with honeybush
domestication and commercialisation. Plants have evolved various
protective mechanisms such as drought escape, drought avoidance
and drought tolerance (Gonzalez, 2023) over time that allow them to
acclimatise to unfavourable environments for continued survival and
growth (Hura et al., 2022). Since proteins are direct effectors of
drought stress resistance (Zhou et al., 2023), the identification of key
proteins connected to greater tolerance to adverse environmental
factors is vital for the introduction of desired biological traits to a
crop (Singh et al., 2022). Proteomics plays an essential role in the
identification and categorisation of proteins according to their puta-
tive functions (Amnan et al., 2022). It has been applied in the field of
crop abiotic stress-tolerance research to compare different pro-
teomes (Kausar et al., 2022; Naik et al., 2023). Drought-responsive
proteins, which showed significant changes in expression between
normal and drought stress conditions, were identified in two wheat
cultivars (Shayan et al., 2020). Proteomics of fennel showed that pho-
tosynthesis was decreased in a drought-sensitive genotype but
increased in a drought-tolerant genotype (Khodadadi et al., 2017).

Proteomics investigations on honeybush have not been reported
before, making this the first study to investigate the response of hon-
eybush plants subjected to drought stress for a short duration and its
effect on the proteomics, leaf chemical composition and herbal tea
quality. Investigating proteome changes in honeybush caused by
drought stress would increase understanding of the molecular mech-
anism of drought resistance in honeybush at the protein level. When
subjected to drought stress, plants first undergo morphological and
biochemical changes that lead to acclimation (Amnan et al., 2022;
Luz et al., 2023), and as the drought worsens, it causes functional
damage and abscission of plant parts (Goharrizi et al., 2021). When
applied to C. subternata, this approach could lead to a better under-
standing of protein responses and functions of this legume.

The main aim of the present study was to determine how the pro-
teome of C. subternata leaves alters in response to drought stress of
relatively short duration. The relative water content of the leaves was
determined to confirm drought stress while untargeted chemical
analysis served to confirm that leaf composition was affected. Tar-
geted analysis entailed quantification of the total carbohydrate, pro-
line and phenolic content of the leaves. The sensory profile of the
herbal tea product was determined to give a practical perspective on
drought stress in terms of product quality.

2. Materials and methods

2.1. Experimental site and layout

A pot trial was conducted in the glasshouse facility at ARC Infrui-
tec-Nietvoorbij, Stellenbosch, South Africa (33.9253° S, 18.8730° E).
The experimental design was a completely randomised design and
had one fixed factor, consisting of three treatments (levels), i.e. the
control (well-watered, WW), moderately-stressed (MS) and
severely-stressed (SS), with seven biological replicates per treatment.
Each treatment £ replicate combination consisted of eight C. subter-
nata plants, with one shoot from each of the eight plants pooled to
represent a replicate. The experiment had a total of 168 plants that
97
were randomly assigned to the different treatments. Fig. A1 (Supple-
mentary information) gives the outline of the treatments and sample
collection.

2.2. Drought stress treatment

Nine-month-old seedlings (a mixture of different C. subternata
genotypes due to the shortage of plant material) were transplanted
in early July 2018 into large pots (30 cm diameter, 28.5 cm height,
with holes in the bottom) filled with a potting mixture of polystyrene
balls: sandy soil: Canadian peat moss (3:3:3 v/v/v), a standard
medium used for honeybush production. A fine Nylon net mesh
(20 mm) was fitted at the bottom to allow air and water exchange
but to prevent root passage. A layer of gravel stones was placed on
top of the Nylon net to provide drainage. The plants were moved to
the glasshouse where they were kept at an average temperature of
25 °C and watered as needed (using overhead sprinkler watering) for
three months. A week before the drought treatment commenced, the
plants were irrigated with tap water every third day to allow harden-
ing off prior to subjecting them to a water deficit. Plants were ran-
domly assigned between the three treatments, i.e. WW (control)
(water maintained at 75% field capacity), MS (water maintained at
50% field capacity) and SS (water maintained at 30% field capacity).
Tensiometers were randomly placed in pots throughout the experi-
ment to monitor the soil moisture. The controls received 500 mL
water every second day, the MS plants received 500 mL water every
fourth day and SS plants received 500 mL water once on day zero
whereafter watering was discontinued (Supplementary information,
Fig. A1). The plants were stressed for a total of 10 days.

2.3. Measuring relative water content of leaves

The relative water content (RWC) of the leaves was determined
according to a modified version of the method by Sade et al. (2015).
Sampling of leaves for analysis took place during the treatment
period in early November 2018, starting on day zero and thereafter
every second day. Final sampling was done the day after the treat-
ment period (day 11). The leaves were harvested midday between
12:00�12:30 pm. Briefly, the leaves were sampled by collecting the
top (young) leaf of five branches/plant/treatment replicate. Each leaf
was cut in half to facilitate water absorption to determine the turgid
mass and placed immediately in a pre-weighed screw-cap glass vial
(40 mL) to prevent moisture loss. The samples were transported to
the laboratory in a cooler box without delay (within 10 min) where
the vials were weighed (4 decimals) to determine the fresh mass
(FM). Distilled water (2 mL) was then added to each vial to allow the
cut leaves to rehydrate for 4 h in darkness. The rehydrated leaf sam-
ples were removed from the water, rapidly blotted with a paper
towel to remove surface water and weighed to determine the turgid
mass (TM). The samples were then dried to a constant mass (70 °C for
48 h) for determination of dry mass (DM).

The relative water content was calculated as:

RWC% ¼ FM� DMð Þ= TM� DMð Þ � 100

2.4. Preparation of plant material

Following treatment, shoots were collected in batches from the
different treatments. For determination of the total carbohydrate and
phenolic content of the leaves, the top part (15 cm) of one shoot from
each of the eight plants, representing a replicate of a treatment, was
removed, pooled and dried intact under forced air circulation (3 m/s
cross-flow) in a drying tunnel at 30 °C for 12 h. At completion of this
drying stage, the leaves were only partially dried, but they could be
easily separated from the stems without damage. Final drying took
place in a vacuum oven at 40 °C for 16 h. The dried leaves were milled
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to a fine powder, using a Retsch MM301 ball mill (Retsch GmbH,
Haan, Germany). The milled samples were sealed in screw-cap glass
vials and stored at 4 °C until analysis.

For determination of proline accumulation over the treatment
period, the top part (15 mm) of five shoots of each plant per treat-
ment replicate were removed, pooled, placed in re-sealable plastic
bags (200 £ 250 mm) and frozen in liquid nitrogen. The sampling
took place every second day with the last sampling on day 10. Upon
harvesting, the samples were placed immediately in an icebox and
transported without delay to the laboratory where they were stored
at �80 °C until further analysis.

The remaining plant material of a replicate was pooled and processed
into ‘fermented’ (oxidised) honeybush tea according to a standard proto-
col (Mabizela et al., 2020). The ‘tea-bag’ fraction (<1.68 mm; >0.42 mm)
was stored in sealed glass jars until sensory analysis.

2.5. Untargeted analysis of leaf composition

2.5.1. Near-infrared hyperspectral imaging (NIR-HSI) of leaf samples
The milled, dried leaf samples were transferred to circular plastic

holders (40 mm diameter; 4 mm depth) and the surface was levelled
before the hyperspectral images were acquired. The equipment con-
sisted of a push-broom line scan HySpex SWIR-384 (short wave infra-
red) imaging system (Norsk Elektro Optikk A/S, Skedsmokorset,
Norway) and Breeze� software (Version 2019.2.0, Prediktera AB,
Umea� , Sweden) was used for data acquisition and initial analysis. The
cameras were mounted on a laboratory rack with a translation stage
and fitted with a 30 cm focal length lens that has a field of view of
9.5 cm. The imaging system comprised of an imaging spectrograph,
coupled to a mercury cadmium telluride (MCT) sensor. The spectral
range for the SWIR camera is from 950 � 2500 nm with a spectral
resolution of 5.45 nm resulting in a total of 288 spectral bands. The
spatial resolution when using the 30 cm lens is a pixel size of
0.247 mm and each line in the image consists of 384 pixels. Samples
were illuminated by two 150 W halogen lamps (Ushio Lighting Inc.,
Japan), emitting light in the 400 � 2500 nm wavelength range. The
lights were placed symmetrically 30 cm above the translation stage.
The frame rate was set to 100 Hz and the integration time was set to
2103 ms. Samples were imaged randomly and three technical repli-
cates of each sample were analysed (the milled sample was mixed,
flattened and analysed again). Raw images were automatically radio-
metrically calibrated to radiance units (W.sr�1.m�2). A 50% grey
Zenith Allucore diffuse reflectance standard (SphereOptics GmbH,
Herrsching, Germany) and a dark reference (0%) were recorded prior
to imaging samples. Both references were used to correct for uneven
illumination over the field of view. Calibrated images were exported
in Envi format for further analysis using Evince software (Version
2.7.11; Prediktera AB, Umea� , Sweden).

2.5.2. Direct injection ion mobility spectrometry-mass spectrometry
(DI-IMS-MS) analysis of leaf samples

Each milled, dried leaf sample was extracted in duplicate using an
acetonitrile-water mixture as described by Mabizela et al. (2020) and
aliquots were stored at �18 °C until DI-IMS-MS analysis according to
Masike et al. (2022). The aliquots were defrosted, centrifuged, trans-
ferred to high-pressure liquid chromatography (HPLC) vials and 2 mL
of each sample injected directly into a solvent stream (50% acetoni-
trile, 0.1% formic acid; flow rate, 0.25 mL/min), using a Waters Acc-
uity ultra-high pressure liquid chromatograph (UHPLC), coupled to a
Synapt G2 QTOF MS (Waters, Milford, USA). The equipment was con-
trolled by MassLynx v.4.1 software (Waters). Data were acquired in
the ion mobility scan mode (150 � 1500 amu). The ion source was an
electrospray ionisation (ESI) unit, which was first operated in the
positive mode and then in the negative mode with a repeated run.
Mass calibration was performed using a sodium formate solution and
leucine enkephalin was used as the lock spray solution. Operating
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conditions were as follows: capillary voltage, 2.5 kV; sampling cone
voltage, 15 V; source temperature, 120 °C; desolvation temperature,
275 °C; desolvation gas flow (N2), 650 L/hr; cone gas flow (N2), 50 L/
hr. The wave velocity for ion mobility was set at 907 m/s and wave
height at 30.2 V.

2.6. Targeted analysis of leaf composition

2.6.1. Proline accumulation
The proline content of the leaves was determined according to a

slightly modified version of the method of Abraham et al. (2010). The
frozen leaf samples (0.1 g) were ground using a mortar and pestle
and homogenised in 0.5 mL of 3% (w/v) sulphosalicylic acid. Thereaf-
ter, 100mL of each homogenate was combined with 100mL of 3% sul-
phosalicylic acid, 200 mL of glacial acetic acid and 200 mL of an acid-
ninhydrin buffer consisting of ninhydrin (1.25 g), glacial acetic acid
(30 mL) and 6 M orthophosphoric acid (20 mL). The reaction mixture
was heated by placing the tubes in a boiling water bath for 60 min
whereafter they were cooled to room temperature in an ice bath to
terminate the reaction. For extraction of the chromophore, 1 mL of
toluene was added and the samples were thoroughly mixed by vor-
texing. After separation of the two layers, the chromophore-containing
toluene was aspirated from the aqueous phase. After warming to room
temperature, its absorbance was read at 520 nm against a toluene blank
using a 10mm quartz glass cuvette and a UV�visible spectrophotometer
(Ultrospec 2100 pro, Amersham Biosciences, Waltham MA, USA). The
proline concentration was quantified using an L-proline standard curve
and calculated on freshmass basis (mmoles/g of FM).

2.6.2. Total carbohydrates (TC) content
The carbohydrates were extracted according to the method of

Kritzinger (2014), with slight modifications. Briefly, 0.1 g of the
milled, dried leaves was accurately weighed (4 decimals) into 13 mm
glass tubes, 4 mL of 80% ethanol was added to each tube and the con-
tent mixed using a vortex mixer. The tubes were placed in heating
blocks at 80 °C for 30 min where after the tubes were removed and
cooled to room temperature. The samples were centrifuged (4000 g)
for 4 min at 20 °C and the supernatants decanted into 20 mL savant
glass tubes. The ethanol extraction procedure was repeated three
times and the supernatants were pooled, filtered through 0.45 mm
hydrophilic PVDF-L syringe filters (Filter-Bio, EthanolSA, Pretoria,
South Africa) and stored at § 6 °C until analysis.

The TC content of the extracts was estimated using the phenol-
sulphuric acid assay (Dubois et al., 1956). The supernatant was
diluted 10 times with distilled water. Following extraction, 200 mL of
each diluted extract was pipetted onto a 13 mm glass vial, and 200
mL of a phenol solution (5 g phenol in 100 mL distilled water) and
1 mL of concentrated sulphuric acid were added, followed by vortex-
ing until the mixture was uniform. The samples were left to cool to
room temperature before analysis. The glucose standards were pre-
pared as described for the samples, while the sample blank was pre-
pared using distilled water instead of concentrated sulphuric acid.
The absorbance of the samples and standards was measured at
480 nm using a quartz glass cuvette (10 mm path length) and a
UV�visible spectrophotometer. The TC content of the leaves was cal-
culated using the glucose standard curve and expressed as glucose
equivalents on a dry mass basis (g/100 g dry mass (DM)).

2.6.3. Individual phenolic content
Duplicate samples (ca 40 mg) of the milled, dried leaves were

weighed into 24 mL glass vials and extracted using an acetonitrile-
water mixture (1:2, v/v) as described by Mabizela et al. (2020). Each
extract was analysed in duplicate using a validated high-performance
liquid chromatography diode array detection (HPLC-DAD) method for
C. subternata (De Beer et al., 2012).
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2.7. Proteomics
2.7.1. Collection of leaf samples and protein extraction
Plants were randomly selected between two technical replicates.

The top part (20 cm) of a shoot from each of eight plants, represent-
ing a biological replicate, was removed, pooled and frozen immedi-
ately in liquid nitrogen. The samples were stored at �80 °C until
protein extraction. All analyses were made using three biological rep-
licates per treatment.

The protein content of the leaves was determined using a method
by Xu et al. (2008) with minor modifications. Briefly, 0.05 g of polyvi-
nylpyrrolidone (PVPP) was added to 0.2 g of a leaf sample, which was
then ground to a fine powder in liquid nitrogen using a mortar and
pestle. Protein was precipitated by adding 2 mL of 10% trichloroacetic
acid/acetone buffer, followed by centrifugation at 13 000 g for 3 min
at 4 °C. The resulting pellet was washed three times with 80% (v/v)
ice-cold acetone and centrifuged at 13 000 g for 3 min at 4 °C
between each wash. The pellets were air-dried for an hour at room
temperature and re-suspended in a phenol-sodium dodecyl sulphate
(SDS) buffer (30% sucrose, 2% SDS, 0.1 M tris(hydroxymethyl)amino-
methane (Tris)/-HCl, pH 8.8, 5% b-mercaptoethanol) (ratio 1:1, v/v).
They were vortexed for 5 min, incubated for 10 min and then centri-
fuged at 13 000 g for 15 min at 4 °C. The supernatant was removed
and 1 mL of 0.1 M ammonium acetate in 80% methanol was added to
the homogenate and incubated overnight at �20 °C. The supernatant
was discarded, and the pellet was washed with 1 mL of 80% (v/v) ice-
cold acetone and air-dried at room temperature for 60 min before re-
suspended in urea buffer (9 M urea, 2 M thiourea and 4% (3-(3-chola-
midopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) for at
least 60 min while vortexing vigorously at room temperature. The
supernatant (total soluble proteins) was collected and the protein
concentration was determined according to Bradford (1976), using
bovine serum albumin (BSA) as a standard.
2.7.2. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
An aliquot of the supernatant containing an equivalent of 100 mg

protein extract (based on the Bradford assay) was mixed with DE-
streak rehydration solution (Bio-Rad) and made up to a final volume
of 125 mL with urea lysis buffer. Samples were loaded onto a re-
swelling tray and the immobilised pH gradient (IPG) strip (7 cm long,
pH range 3�10) was placed on top of the sample, avoiding the forma-
tion of air bubbles. The strip was overlaid with mineral oil to prevent
evaporation of the sample and allowed to passively rehydrate for
12 h at room temperature. After rehydration, the IPG strips were
rinsed in distilled water, blotted on tissue paper to remove excess
water and each placed on a focussing platform, with the gel side fac-
ing downwards. The strips were overlaid with mineral oil and
focused on the isoelectric focusing (IEF) program according to the
manufacturer’s guide (Bio-Rad) using the following conditions: 250 V
for 15 min, 4000 V for 1 h and finally, 4000 V at 12 000 V/h.

After IEF, the IPG strips were incubated for 15 min gel side up in
re-swelling tray channels, containing 2 mL of equilibration buffer
[6 M urea, 2% (m/v) SDS, 375 mM Tris-HCl, pH 8.8, 20% (v/v) glycerol
and 0.01% bromophenol blue], containing 2% (m/v) dithiothretol
(DTT). This was followed by 2.5% (w/v) iodoacetamide (IAA) for
another 15 min with gentle agitation at room temperature to alkylate
the proteins. The equilibrated strips were placed onto 12% SDS-poly-
acrylamide and overlaid with 1% agarose. Electrophoresis in the sec-
ond dimension was performed at a constant current of 100 V for
90 min until the bromophenol blue dye (indicator dye) reached
the bottom of the gel. The gels were stained with Coomassie Bril-
liant Blue (CBB) for 3 h, then de-stained with a mixture of 10%
(v/v) methanol, 10% (v/v) acetic acid and 80% (v/v) distilled water
until the protein versus the background ratio was appropriate for
visualisation.
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2.7.3. Gel image analysis
Two-DE gel images were obtained using the Molecular Imager

PharosFX Plus System (Bio-Rad) and the position of each individual
protein was evaluated with PDQuestTM Advanced 2-D analysis soft-
ware (version 8.0.1) (Bio-Rad) (Supplementary information, Fig. A3).
The gels were normalised with the aid of the local regression model
compensating for gel-to-gel differences in spot quantities due to
non-expression related variations. Before differential protein expres-
sion was done, spots were manually edited using the consensus tool
to obtain spot expression consensus across all biological replicates in
the treatment groups. The amount of protein in a spot was expressed
as the volume of that spot, defined as the sum of the intensities of all
the pixels that make up the spot. The level of significance for the dif-
ferentially expressed protein spots was set as the default (90%) in the
software. Protein spots of interest were manually picked using
pipette tips (QSP Certified RNase & Dnase free tips) and acetonitrile
was added to the collected spots and stored at �80 °C.

2.7.4. In-gel trypsin digest
The protein was reduced by rehydrating the gel pieces in 2 mM

tris (2-carboxyethyl)phosphine hydrochloride (TCEP), made up in
25 mM ammonium bicarbonate (AmBic), and agitating at room tem-
perature for 15 min. Excess liquid was removed, and this was suc-
ceeded by alkylating the gel plugs in 20 mM IAA, made up in 25 mM
AmBic, and incubating them in the dark at room temperature for
30 min. After alkylation, the gel plugs were washed three times with
25 mM AmBic at room temperature for 15 min with agitation. Excess
liquid was removed, and the gel pieces were dehydrated using vac-
uum centrifugation. The protein was digested by rehydrating the gel
pieces in 0.02 mg/mL trypsin (Promega PRV5111) made up in 50 mM
AmBic, ensuring that the gel pieces remained covered in the solution
once rehydrated. The gel pieces were incubated on ice for 60 min
whereafter the excess liquid was removed before being covered with
50 mM AmBic and digested overnight at 37 °C. After digestion, the
supernatant was transferred to a new LoBind tube (extract 1). The gel
pieces were re-suspended in 0.1% trifluoroacetic acid and incubated
for 60 min at 37 °C. The excess liquid was removed and added to the
first extract. Samples were dried by vacuum centrifugation and there-
after re-suspended in Millipore water. Samples were dried again by
vacuum and re-suspended in a 0.1% formic acid-2% acetonitrile mix-
ture made up in analytical grade water for liquid chromatography
with tandemmass spectrometry (LC-MS/MS) analysis.

2.7.5. Protein identification by LC-MS/MS analysis
LC-MS/MS analysis was conducted using a Q-Exactive quadru-

pole-Orbitrap mass spectrometer coupled to a Dionex Ultimate 3000
nano-UPLC system. Data were acquired using Xcalibur v4.1.31.9,
Chromeleon v6.8 (SR13), Orbitrap MS v2.9 (build 2926) and Thermo
Foundations 3.1 (SP4). Peptides were dissolved in 0.1% formic acid-
2% acetonitrile and loaded on a C18 trap column (PepMap100,
9027,905,000, 300 mm £ 5 mm £ 5 mm). Samples were trapped onto
the column and washed for 3 min with the formic acid-acetonitrile
mixture before the valve was switched and peptides eluted onto the
analytical column. Chromatographic separation was achieved on a
Waters nanoEase (Zenfit) M/Z Peptide CSH C18 column (186,008,810,
75 mm £ 25 cm £ 1.7 mm). The solvent system consisted of solvent A
(0.1% formic acid in LC-grade water), and solvent B (0.1% formic acid
in acetonitrile). The multi-step gradient for peptide separation was
generated at 300 nL/min: 0 � 27 min, 5 � 30% solvent B; 27 �
32 min; 30 � 80% solvent B; 32 � 42 min, 80% solvent B; 42 �
45 min, 5% solvent B. To ensure carryover did not occur between
runs, a wash step was added at the end of each run which comprised
a gradient change of 5 � 80% solvent B in 7 min and was then held at
80% solvent B for 10 min before returning to 5% solvent B and equili-
brating the column for 15 min. Data acquisition was done using Prox-
eon stainless steel emitters (Thermo Fisher TFES523). The mass
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spectrometer was operated in positive ion mode with a capillary
temperature of 320 °C. The applied electrospray voltage was 1.95 kV.

2.8. Descriptive sensory analysis of herbal tea

Preparation of the hot water infusions of the ‘tea bag’ fraction,
training of the panel and evaluation of the samples were conducted
as described in detail by Mabizela et al. (2020). Briefly, 12 female
assessors with extensive experience in descriptive sensory analysis
(DSA) of fermented honeybush tea evaluated 21 samples, organised
with three samples/block, over a period of two days. The sample
order was completely randomised over the seven blocks and to pre-
vent panel fatigue assessors were allowed a 10 min break between
consecutive blocks. Each sample was evaluated once.

2.9. Data analysis

2.9.1. Relative water content, leaf composition (targeted) and
descriptive sensory analysis data

Analysis of variance (ANOVA), with drought stress treatments as a
factor, was performed on the data using the General Linear Model
procedure of SAS� software version 9.4 (SAS Institute Inc., Cary, NC,
USA). The Shapiro-Wilk test was used to test for deviation from nor-
mality (Shapiro and Wilk, 1965). Fisher’s least significant difference
was calculated at the 5% level to compare treatment means (Ott,
1998). Prior to ANOVA, the DSA data were pre-processed to test for
panel reliability by applying a model that includes panellist, sample
effects and interactions (Næs et al., 2010) using SAS software. The
residuals were tested for deviation from normality using the Shapiro-
Wilk test. Outliers were removed when the standardised residual for
an observation deviated with more than three standard deviations
from the model value.

2.9.2. NIR-HSI analysis data
Each hypercube (384 £ 284 £ 288) was unfolded into a two-

dimensional matrix. The pixels corresponding to the background and
sample cup on the image were removed to select only the spectra of
the region of interest. The average absorption spectrum for a techni-
cal replicate of a sample was calculated and the total of 63 spectra
(n = 3 treatments £ 7 biological replicates £ 3 technical replicates)
were used for the analysis. Principal component analysis (PCA) was
performed to explore the spectral data (Wold et al., 1987). The spec-
tra were pre-processed to correct for scatter using the Standard Nor-
mal Variate (SNV) method (Barnes et al., 1989), centred and analysed
by the ANOVA-simultaneous component analysis (ASCA) method
(Jansen et al., 2005) to determine whether treatment affected the leaf
chemical composition.

2.9.3. DI-IMS-MS analysis data
The MassLynx raw data were converted to the mzML data format,

and uploaded and analysed using the cloud-based informatics soft-
ware, XCMS Online (https://xcmsonline.scripps.edu). Briefly, the
XCMS processing parameters were as follows: matchedFilter for fea-
ture detection (with Δ m/z of 5 ppm, minimum peak width 5 s and
maximum peak width 20 s), and obiwarp for retention time (RT) cor-
rection. The chromatogram alignment parameters were bw of 5 s
(allowable RT deviations), minifrac of 0.5 (minimum fraction of sam-
ples necessary in at least one of the sample groups for it to be a valid
group) andm/z width of 0.025 (width of overlapping m/z slices to use
for peak density chromatograms and grouping peaks across sam-
ples).

Data of dimensionality (42 £ 432) consisted of variables present-
ing data collected for 3 treatments £ 7 biological
replicates £ duplicate extraction (n = 42) in negative (1�157) and
positive (158�432) mode. The data were power transformed
(power = 0.2) and normalised using the vsn method (Rabatel et al.,
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2019). The ASCA method was used to determine whether treatment
affected leaf composition.
2.9.4. Proteomics data
A database interrogation was performed using Byonic Software

v2.6.46 (Protein Metrics, USA). The soybean (Glycine max; family
Fabaceae) reference proteome sourced from UniProt (www.uniprot.
org, database Uniprot_ref_Soybean_Glyc-hispida_3847_09122019)
(details of search parameters are available as Supplementary infor-
mation, Table A1) database was used to match peptide fragments
resulting from the MS/MS data, as well as to identify proteins accord-
ing to their criteria. The precursor tolerance was 7 ppm, and the frag-
ment tolerance was 20 ppm. The maximum number of missed
cleavage was two, with the protein false discovery rate (FDR) cut-off
of 1% and peptide spectrum was 0.0%. A target protein with the best
score �300 was considered significant. The multi-step gradient for
peptide separation and mass spectrum data acquisition details are
available as Supplementary information (Table A2 and Table A3,
respectively).
3. Results

3.1. Relative water content (RWC)

Changes in the RWC of the leaves due to the different treatments
are depicted in Fig. 1. The drought treatments had a significant effect
(p<0.05) on the RWC of leaves. The RWC of the plants ranged from
95 to 98% at the start of the trial (day 0) and ranged from 97 to 98%
for the control plants for the duration of the trial. These levels were
significantly higher than those of moderately-stressed (MS) and
severely-stressed (SS) plants. The RWC of MS plants decreased gradu-
ally. Furthermore, the RWC of SS plants decreased to 87% after 4 days
and decreased progressively thereafter, reaching the lowest value
(47%) at the end of the treatment period (day 11).
3.2. Untargeted analysis of leaf chemical composition

The results of the ASCA analysis of both the NIR-HSI and DI-IMS-
MS data sets give evidence that the drought stress treatments signifi-
cantly (p<0.01) affected leaf chemical composition as indicated by
the null distribution of the sum of squares obtained from the ran-
domisation test and the observed sum of squares for the respective
data sets (Figs. 2a and 3a). Projection of the group means and individ-
ual samples on the plane defined by PC1 and PC2 show three separate
groupings, according to treatment (Fig. 2b and Fig. 3b). The NIR-HSI
data produced a large number of loadings (variables) that were sig-
nificant (Fig. 2c), mostly at variable numbers < 170 (<1828 nm),
while six significant variables (28, 33, 169, 194, 287, 427) were iden-
tified for the DI-IMS-MS data (Fig. 3c). Further research is needed to
identify the plant constituents responsible for the differences.
3.3. Targeted analysis of leaf composition

Accumulation of proline in the leaves depended on the treatment
(Fig. 4), varying from no effect for the WW treated leaves (p � 0.05)
to a significant increase (p < 0.05) to between 21.65 and 38.95
mmoles/g FM in the SS treated leaves from day 4 until day 10. In con-
trast, the proline content of MS treated leaves increased up to 5.2
mmoles/g FM at day 10.

Both the total carbohydrate and individual phenolic compound
content of the leaves were not significantly (p�0.05) affected by
drought stress. The content of the individual phenolic compounds is
available as Supplementary information (Table A4).



Fig. 1. Changes in the RWC of well-watered (control) and drought-stressed (moderately-stressed and severely-stressed) Cyclopia subternata plants, stressed for ten days, harvested
every second day. Means at the same time point with the same letters are not significantly different (p<0.05). Error bars indicate the standard error between the means.
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3.4. Proteomics analysis

3.4.1. Two-dimensional electrophoresis analysis of stress-responsive
proteins in Cyclopia subternata leaf samples

The optimum content of C. subternata proteins was 100 mg,
resolved in 7 cm IPG strips of pH range 3�10 and 12% (v/v) SDS PAGE
gels. From the analysis of differential protein expression between the
treatments, a total of 114 protein spots exhibited significant differen-
ces. The three biological and technical replicates analysed for each
treatment are available in the Supplementary information (Fig. A2).

3.4.2. Identification of stress-responsive proteins of Cyclopia subternata
using LC-MS/MS

Briefly, 27 differentially accumulated proteins (DAPs) (Fig. 5) were
selected, excised and identified using LC-MS/MS. Table 1 presents
detailed information (protein accession number, Byonic score, total
number of amino acids, peptide spectrum match, etc.) concerning
these protein spots. Since the honeybush proteome has not been
quantified, the proteome of the closely related crop from the Faba-
ceae family (Glycine max) was used as a proteome reference source.
The log probability (�1) and Byonic (�300) score determined the sig-
nificance of the identified proteins. Seventeen DAPs were up-regu-
lated and another 10 were down-regulated. However, from the 27
DAPs that were selected, only 24 (17 up-regulated; 7 down-regu-
lated) were successfully identified, 13 DAPs of which produced signif-
icant results based on their Byonic scores (�300). Three of the 27
DAPs were unknown due to the lack of database matches. Compared
to the WW treatment, the MS treatment up-regulated 11 DAPs (2, 6,
8, 11�14, 22, 24, 25) and down-regulated 16 DAPs (3, 4, 5, 7, 9, 10,
15�21, 23, 26, 27). Furthermore, the SS treatment up-regulated 14
DAPs (1, 2, 3, 5, 6, 10�14, 19, 21, 22, 25) and down-regulated 13
DAPs (4, 7�9, 15�48, 20, 23, 24, 26, 27) compared to the WW treat-
ment (Table 1). The identified proteins were classified according to
their putative functions, i.e. photosynthesis proteins, defence pro-
teins, carbohydrate and energy metabolism proteins, stress
response-related proteins, ATP interconversion proteins and signal
transduction proteins (Fig. 6).

3.5. Sensory analysis of herbal tea

The sensory attributes and thus the sensory profile of the herbal
tea product were not significantly affected by drought stress as
shown by ANOVA (Supplementary information, Table A5).
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4. Discussion

4.1. Relative water content of leaves

The RWC, calculated as the percentage of water present in the leaf
relative to the total volumetric water that the leaf can hold at full tur-
gor (Blum, 2011), is a key indication of water stress in leaves and is
directly linked to soil water content (Xu et al., 2021). This parameter
is important as it has a significant effect on photosynthesis (Podda et
al., 2019). Drought stress hampered C. subternata growth by decreas-
ing the RWC. A decline in RWC of drought-stressed C. subternata
leaves is a common observation, depicting the drought sensitivity of
the plant. This is in accordance with drought stress studies on other
plants (Kabbadj et al., 2017; Amnan et al., 2022). For instance, a low
leaf RWC was observed for Pandanus (Amnan et al., 2022) and Ethio-
pian red pepper plants (Wassie et al., 2023) subjected to drought
stress. Furthermore, the slight decrease in the RWC of the MS treated
plants may indicate that this Cyclopia species is tolerant to mild-to-
moderate water stress. The change in the RWC of C. subternata leaves
indicates that RWC may be used to show the level of water stress in
honeybush plants. This can be employed in crop improvement pro-
grammes, as well as efficient management practices for honeybush
cultivation under drought stress conditions.

4.2. Untargeted analysis of leaf chemical composition

First, an untargeted chemical analysis approach was followed to
determine whether treatment affected the composition of the leaves.
NIR-HSI was used because it is a rapid method which collects data
with high spatial and spectral resolution and could be applied
directly to the finely milled, dried leaf samples without further prep-
aration. This method has been applied to a large variety of plant
materials including Camellia sinensis teas to indicate compositional
differences due to various treatments (as reviewed by Mao et al.,
2022). In the present study, significant differences were detected
between the C. subternata leaf samples of the plants subjected to dif-
ferent water regimes. Significant variables identified using NIR-HSI
correspond to wavelengths <1828 nm. The molecular bonds which
respond in this spectral region include mainly the first and second
overtones of O�H, N�H and C�H stretching vibrations (Lin and Sun,
2020). These bonds are typical of organic compounds such as proteins
and carbohydrates (Manley, 2014). Following NIR-HSI, extracts of the
leaf samples were analysed by DI-IMS-MS. From this data set, six var-
iables contributing to the differentiation between the treatments



Fig. 2. ASCA results for NIR-HSI data of Cyclopia subternata plants, subjected to three
water treatments (control, moderately-stressed (MS) and severely-stressed (SS)), for
ten days: (a) null distribution of the sum of squares for treatment obtained based on
randomisation test (10,000 runs) and the observed sum of squares (marked with a red
circle), (b) scores plot of PC1 and PC2 with three groupings representing the treat-
ments (blue = well-watered (control), red = moderately-stressed and green = severely-
stressed), and (c) loadings plot of PC1 and PC2s (with green indicating significant vari-
able numbers, p<0.05).
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could be identified, providing further confirmation that treatment
affected the leaf composition. Further studies are required to identify
the leaf constituents corresponding to these variables.
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4.3. Targeted analysis of leaf chemical composition

Proline plays an important role in stress tolerance, and its accu-
mulation is the first response of plants to reduce injury to cells when
exposed to a water deficit (Mahmoud et al., 2020). Not only does pro-
line act as an osmolyte (Tonhati et al., 2020), but it may also play a
role in the scavenging of reactive oxygen species (ROS) and other free
radicals (Alvarez et al., 2022). In the present study, the proline con-
tent of C. subternata leaves during the severe drought stress period
increased more than 40-fold compared to the control. Proline accu-
mulated to a much higher level under these conditions, indicating
that it might act as an osmoprotectant (Spormann et al., 2023). Other
protective mechanisms of proline include acting as a chemical chap-
erone and direct scavenging of ROS (Mattioli et al., 2020). In accor-
dance with Wang et al. (2016a), the increase in the proline content of
C. subternata leaves may further indicate that the generation of ROS
in cells was lowered, and toxic effects in the plant were reduced, as
confirmed by the proteomics results in this study. A high proline con-
tent in Ethiopian red pepper (Wassie et al., 2023), Amaranthus species
(Slabbert and Kruger, 2014) and Achillea species (Gharibi et al., 2016)
following drought stress has also been reported. Furthermore, Ain-
Lhout et al. (2001) noted that when the leaf water potential in Hali-
mium halimifolium declined to �2.9 MPa during water deficit, a sig-
nificant increase in proline concentration was observed. The
accumulation of proline observed for C. subternata, possibly also
reducing cell stress and damage, represents an important adaptive
response, thereby improving the tolerance and survival of the plants
during drought stress.

It is a general hypothesis that water deficit can lead to an increase
in carbohydrate and phenolic content by altering biochemical pro-
cesses. However, in the present study, these compositional parame-
ters were not significantly affected by the drought stress treatments,
probably due to the relatively short treatment period. Aspalathus lin-
earis, another fynbos legume plant, showed a decline in its maximum
photosynthetic rate as well as a 50% decline in growth rate after being
stressed for six weeks (Lotter et al., 2014).
4.4. Sensory analysis of the herbal tea

Sensory analysis of the infusions of C. subternata herbal tea
showed that drought stress also did not negatively affect their aroma,
taste and astringency. Studies on Camellia sinensis plants showed that
drought stress affects the content of constituents directly related to
taste and aroma (i.e. polyphenol and aroma compounds, respectively)
(Qian et al., 2018) and subsequently product quality (Ahmed et al.,
2019). Although the composition of C. subternata differs from that of
C. sinensis, the lack of effect for C. subternata is, once again, likely due
to the short drought stress period.
4.5. Proteomics analysis

Understanding how C. subternata responds to drought stress at
the molecular level is vital to improve the quality and production of
honeybush plants. In this study, about a third of the identified pro-
teins were detected in multiple spots with different molecular
masses and isoelectric points (pIs), implying the existence of isoforms
and post-translational modifications. The putative amplifications for
identified proteins in drought-stressed plants are identified below.
The largest DAP groups were proteins involved in photosynthesis
(25%), followed by those involved in defence (17%), carbohydrate/
energy metabolism (17%) and stress-response (17%) (Fig. 6), suggest-
ing their important roles in the response of the plant to drought
stress conditions. However, as seen with most biochemical processes,
proteins are not limited to one functional group, e.g. a stress-
response protein may also be regulated during a defence-response



Fig. 3. ASCA results for DI-IMS-MS data of Cyclopia subternata plants, subjected to
three water treatments (control, moderately-stressed (MS) and severely-stressed (SS)),
for ten days: (a) null distribution of the sum of squares for treatment obtained based
on randomisation test (10,000 runs) and the observed sum of squares (marked with a
red circle), (b) scores plot of PC1 and PC2 with three groupings representing the treat-
ments (blue = well-watered (control), red = moderately-stressed and green = severely-
stressed), and (c) loadings plot of PC1 and PC2 indicating six significant variables
(p<0.05), indicated by green bars.
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event. Only proteins that were identified in the largest DAP groups
will be discussed in the following sections.
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4.5.1. Modulation of photosynthesis-related proteins during drought
stress

Photosynthesis and photorespiration are important sources of
energy in plant cells. They are, nevertheless, vulnerable to drought
stress (Wang et al., 2022a). Drought stress inhibits photosynthetic
activity primarily through stomatal closure, resulting in lower carbon
fixation and a decreased electron transport system (Chen et al., 2023;
Sherin et al., 2022).

Drought stress impacted photosynthesis and triggered the antiox-
idant defence system in C. subternata leaves. Most of the identified
proteins are those involved in photosynthesis, including ribulose-
1,5-biphosphate carboxylase/oxygenase (Rubisco) large unit, Rubisco
activase, photosystem II (PSII), light-harvesting chlorophyll a/b-bind-
ing proteins (LHCB), carbonic anhydrase and glutamine synthetase
(GS), are involved in photosynthesis mechanisms, such as the Calvin
cycle, electron transport chain and light-harvesting (Ali et al., 2023;
Goharrizi et al., 2022; Shanker et al., 2022; Singh et al., 2022). Of the
six photosynthetic proteins, four proteins (Rubisco activase, LHCB,
carbonic anhydrase and GS) were up-regulated in both MS and SS
treated plants, furthermore, two proteins had decreased in abun-
dance or were absent under SS conditions, while they did not show
any significant change or were up-regulated under MS conditions
(Table 1).

Rubisco is a key enzyme of the Calvin cycle, catalysing the fixation
of atmospheric carbon from CO2 to the sugar phosphate, ribulose-
1,5-bisphosphate (Chen et al., 2023). It was up-regulated under SS
conditions but down-regulated under MS conditions. Similar findings
were reported by Wang et al., 2022a) where the activity of Rubisco
was significantly higher during drought stress compared to short-
term drought or control conditions. Drought is an example of abiotic
stress that slows down photosynthesis by interfering with cell
homeostasis, impacting the electron transport chain, photophosphor-
ylation, soluble proteins, proteins in thylakoid membranes, and pho-
tosynthetic pigments (Brestic and Allakhverdiev, 2022). Based on the
findings for the relative abundance of the proteins, the impact of abi-
otic stress as a result of drought stress could be established in the cur-
rent study.

The photosynthetic machinery consists of photosystem II (PSII),
cytochrome b6f complex (Cytb6f), and photosystem I (PSI) (Kor-
nienko et al., 2018). PSII is a multi-component pigment-protein com-
plex that is found in the thylakoid membranes of oxygenic
photosynthetic organisms, including plants (Sasi et al., 2018). The
water molecule is broken during photosynthesis by PSII, which then
delivers electrons to PSI via the plastoquinone pool. Plastocyanin
then transfers electrons from Cytb6f to PSI (Yang et al., 2022). How-
ever, in conditions of drought stress, PSI electrons can be transported
to oxygen, producing ROS (Ye et al., 2015). PSII complexes were
shown to be less abundant in SS treated C. subternata plants, suggest-
ing that the drought stress experienced by the plants caused damage
to thylakoid protein complexes. These results are comparable with
those of Bashir et al. (2021). Furthermore, the decrease in PSII in MS
treated plants may suggest that there was a decrease in photosynthe-
sis under mild to moderate drought stress conditions. This may lead
to plants absorbing more light than needed for photosynthetic carbon
fixation, which may cause an increase in ROS production (Muneer et
al., 2014) in C. subternata.

This study further demonstrated that light reaction was strongly
affected by drought stress, because proteins related to light reactions,
i.e., LHCB, increased in abundance under drought stress conditions
compared with well-watered conditions. This may contribute to the
optimisation of light energy capture, protection against excess light
and maintenance of photosynthetic efficiency under water-limited
conditions (Vayghan et al., 2022). These findings are in agreement
with those on tolerant Zea mays hybrids (Bashir et al., 2021). Addi-
tionally, Mehari et al. (2021) reported an increase in LHCB genes
(Gh_D10G2385 and Gh_D05G0860) of Gossypium hirsutum leaf tissue



Fig. 4. Changes in the proline accumulation in the leaves of Cyclopia subternata plants, subjected to three water treatments (control, moderately-stressed (MS) and severely-stressed
(SS)), for ten days, collected every second day. Means with the same letters are not significantly different (p<0.05). Error bars indicate the standard error between the means.
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under drought stress. Furthermore, the increased abundance of this
photosynthetic protein in C. subternata could be a potential target for
use in transgenic studies, potentially improving the photosynthetic
efficiency of the plant under abiotic stress.

Carbonic anhydrase was up-regulated in C. subternata leaves under
drought stress conditions, suggesting that carbon assimilation by
Rubisco was increased. The results further explain that a high level of
carbonic anhydrase in C. subternata leaves may have alleviated the cyto-
toxic concentrations of H2O2 during drought stress (Chang et al., 2019).

Glutamine synthetase (GS) is an important enzyme in nitrogen
metabolism, catalysing the condensation reaction of glutamate and
ammonia to form glutamine (Yin et al., 2022). The GS enzyme was
significantly up-regulated in C. subternata leaves in response to
Fig. 5. Two-dimensional electrophoresis gel obtained during analysis of protein extracts fro
responsive proteins that were selected for LC-MS/MS analysis. About 100 mg of the leaf prot
strips, pH ranges 3�10 and 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresi
from 1 to 27.
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drought stress conditions, suggesting a positive effect on nitrogen
metabolism, which may be true as Cyclopia species are legumes and
thus known to fix their own nitrogen (Postma et al., 2016). This nitro-
gen fixation, facilitated by rhizobia, assists plants to produce their
own nitrogen and has a positive effect on nutrient uptake and plant
growth (Wang et al., 2022b). The function of root nodules and the
growth of honeybush are directly affected when plants receive less
water during the summer months. Drought also impacts on photo-
synthesis by lowering its rate and the level of photosynthates needed
by the bacteria for nitrogen fixation (Brink et al., 2017). The proteo-
mic findings provided evidence that the regulation of photosynthe-
sis-related proteins in C. subternata during drought stress may be
vital in tolerance studies on the plant.
m Cyclopia subternata leaves. The gel shows 27 annotated C. subternata drought stress-
ein extract was separated by isoelectric focussing using 7 cm immobilised pH gradient
s gels in the second dimension. Labels indicate drought responsive proteins, numbered



Table 1
Details of 27 differentially accumulated proteins in leaves of Cyclopia subternata under drought stress, listed according to their putative functions. Identification of proteins was by
LC-MS/MS analysis.

Spot
no.

Protein name Function Log
probability

Byonic
score

Calculated
mass (M + H)+

Mass error
(ppm)

No. of unique
peptides

No. of amino
acids in protein

Expression
change

1 Ribulose-1,5-biphosphate car-
boxylase/oxygenase (Rubisco)
large unit

Photosynthesis 8.39 524 1546.736 �1.3 40 475 Up-regulated

2 Putative disease resistance
protein

Protective function 1.37 230.9 561.361 0.2 2 1307 Up-regulated

3 Lambda-class glutathione S-
transferase (GST)

ROS scavenging/
defence/stress-
related

1.12 147.9 1086.641 �0.3 2 239 Down-regulated

4 ATP synthase subunit a ATP interconversion 15.44 376.8 1612.902 �1.9 5 1070 Down-regulated

5 Photosystem II protein D1 Photosynthesis 2.4 103.5 1459.733 �2.2 2 353 Up-regulated

6 Phospholipid-transporting
ATPase 1

ATP interconversion 1.34 307.2 763.410 �1.1 2 1106 Up-regulated

7 pH domain-containing protein Signal transduction 0.64 154 1317.701 0.1 2 4321 Up-regulated

8 Chlorophyll a/b binding protein
2, chloroplastic

Photosynthesis 4.15 313.4 982.532 0.8 2 1070 Up-regulated

(continued)
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Table 1 (Continued)

Spot
no.

Protein name Function Log
probability

Byonic
score

Calculated
mass (M + H)+

Mass error
(ppm)

No. of unique
peptides

No. of amino
acids in protein

Expression
change

10 Chalcone synthase 5 Defence 5.02 343.2 1593.867 1.4 2 388 Up-regulated

11 Fructose-bisphosphate aldolase Stress response-
related

6.02 385.4 1004.552 0.7 3 395 Up-regulated

12 Phosphoglycerate kinase Energy metabolism 8.8 349.7 1198.741 0.6 6 483 Up-regulated

13 Glutamine synthetase Photosynthesis 9.36 670.5 1817.857 1.5 5 356 Up-regulated

14 Malate dehydrogenase Photosynthesis 19 373 2016.131 �1.0 13 328 Up-regulated

16 Lactoylglutathione lyase Signalling pathway 7.21 480 1164.506 �0.1 5 356 Down-regulated

17 Peroxidase ROS scavenging/
defence/stress-
related

1.12 178.9 1765.033 �3.6 2 324 Down-regulated

18 Rubisco activase Photosynthesis 2.43 231.5 1152,714 2.8 2 478 Down-regulated

19 UDP-sugar pyrophosphorylase 1 Energy metabolism 4.62 431.6 1259.711 0.0 4 600 Up-regulated

(continued)
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Table 1 (Continued)

Spot
no.

Protein name Function Log
probability

Byonic
score

Calculated
mass (M + H)+

Mass error
(ppm)

No. of unique
peptides

No. of amino
acids in protein

Expression
change

20 Zeaxanthin epoxidase,
chloroplastic

ROS scavenging/
defence/stress-
related

9.6 378.2 1182.579 0.4 2 667 Down-regulated

21 Carbonic anhydrase Photosynthesis 6.03 363 1235.518 �0.6 4 324 Up-regulated

22 Inositol methyltransferase ROS scavenging/
defence/stress-
related

1.39 198 1297.603 0.6 2 369 Up-regulated

23 DNA helicase Signal transduction 0.94 226.4 645.357 0.2 3 848 Down-regulated

24 Phenylalanine ammonia-lyase Defence 4.73 276.7 2179.172 1.0 2 716 Up-regulated

25 Glucose-1-biphosphate
aldenylyltransferase

Energy metabolism/
starch synthesis

1.32 163 1199.690 1.9 3 523 Up-regulated

27 Tubulin alpha chain Signal transduction 6.7 395.1 1342.639 �0.1 3 408 Down-regulated

Log probability = the log p-value of the peptide spectrum match (PSM). PSM �1 for a hit to be significant; Byonic score = primary indicator of PSM correctness. A score of �300 is
considered to be a significant hit (Bern and Kil, 2011; Khoza et al., 2019); Calculated mass= the computed M + H precursor mass for the PSMs; Error mass = a calculated mass error
(parts per million) after correcting the observed M + H (single charged) precursor mass and the computed M + H precursor mass; No. of unique peptides = total number of PSMs;
No. of spectra = total number of PSMs, including duplicate PSMs, discounting duplicates. Bar graphs shows differential expression pattern of the three water treatments and repli-
cate number, where red = well-watered (WW), green = moderately-stressed (MS) and orange = severely-stressed (SS).
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4.5.2. Regulation of defence proteins during drought stress
Protein content and quality in plants are impacted by drought

stress. Under adverse environmental conditions, plants synthesize
enormous quantities of ribosomal and chaperone proteins (Li et al.,
2020). All of these proteins play crucial roles in maintaining correct
protein production, folding denatured proteins, and disaggregation
of denatured proteins, aiding in stress adaptation (Wu et al., 2022). In
the present study, four proteins were identified as defence proteins,
of which two were antioxidant enzymes. One of the proteins was for
defence, i.e., putative disease-resistant protein, which increased
107
under drought stress. The other was used for activation of antioxidant
defence, i.e., zeaxanthin epoxidase, which was down-regulated fol-
lowing drought stress. The two antioxidant enzymes were phenylala-
nine ammonia-lyase (PAL) and chalcone synthase 5 (CHS5).

PAL plays a role in the biosynthesis of lignins, phenolic acids and
flavonoids which are secondary metabolites that play an important
role in plant defence (Tolr�a et al., 2020). Phenolic compounds are usu-
ally accumulated in plants under abiotic stress conditions, including
water deficit (Rasool et al., 2021). PAL was increased in C. subternata
leaves under drought stress conditions, although the level of



Fig. 6. A pie chart indicating the functional classification of identified proteins in the leaves of Cyclopia subternata plants, subjected to drought stress for ten days. The identified pro-
teins were categorised into six groups.
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accumulation of this protein was not significant (Byonic score < 300),
and may explain the non-significant effect of drought stress on the
phenolic content of the leaves. This may further suggest that an
extended drought duration is required to stress C. subternata plants
to such an extent that detectable changes in phenolic composition
would occur.

CHS5, a key enzyme in flavonoid biosynthesis (Liou et al., 2018),
was highly up-regulated (> 300 Byonic score) in C. subternata leaves
under drought stress. This may be an indication that this enzyme is
essential for its drought adaptation as demonstrated for other plants
such as chilli pepper (Rodriguez-Calzada et al., 2019), Indian wheat
(Singh et al., 2020) and sweet cherry (Hou et al., 2022). The upregula-
tion of CHS5 would lead to the expectation that the biosynthesis of
flavonoids in C. subternata leaves may be increased by drought stress,
but as already noted, no detectable increase in the prominent flavo-
noids was observed. Naringenin, one of the first flavonoids formed in
the flavonoid biosynthesis pathway (An et al., 2021) and the aglycone
of several glycosides was present at low levels in C. subternata (De
Beer et al., 2012), was reported in higher levels in strawberries under
drought stress (Perin et al., 2019).

4.5.3. Responses of carbohydrate and energy metabolism proteins
during drought stress

Carbohydrate metabolism in plants is a dynamic and intercon-
nected network of pathways that ensures energy supply, carbon stor-
age and synthesis of essential molecules for growth and
development (Diniz et al., 2020). The balance between energy pro-
duction and storage is crucial for plants to adapt to varying environ-
mental conditions such as drought stress, in order to sustain their
physiological processes (Bijalwan et al., 2022). In this study, proteins
involved in carbohydrate metabolism including malate dehydroge-
nase (MDH), fructose-1,6-bisphosphate aldolase (FBA), UDP-sugar
phosphorylase 1 (UGPase) and glucose-1-biphosphate aldehylytrans-
ferase (GBA) were amongst those that were the most abundantly
increased in C. subternata leaves, most probably due to an increased
energy demand caused by drought stress. The findings are compara-
ble to those reported by Amnan et al. (2022) where a high abundance
of carbohydrate proteins was observed for Pandanus amaryllifolius.
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MDH is an enzyme involved in the citric acid cycle (Krebs cycle or
TCA cycle) and other metabolic processes in plants (Zhao et al., 2020).
It catalyses the reversible conversion of malate to oxaloacetate, using
NAD+ as a coenzyme (Nan et al., 2020). Drought stress often leads to
limited photosynthesis due to reduced water availability (Bijalwan et
al., 2022), and as a result, plants rely more on respiration to generate
energy. In the present study, the MDH abundance in C. subternata
leaves increased under drought stress. This increase may have facili-
tated the conversion of malate to oxaloacetate, providing an addi-
tional substrate for the Krebs cycle, and thus promoting respiratory
activity, allowing plants to produce ATP and meet their energy
demands under drought stress conditions (Zhao et al., 2020). Similar
findings were reported in soybean (Wang et al., 2022b).

Fructose-1,6-bisphosphate aldolase (FBA) was up-regulated in C.
subternata leaves under drought stress. The enzyme is involved in the
glycolytic pathway in the cytoplasm, whereas it is part of the Calvin
cycle in the chloroplast (Cai et al., 2022). FBA genes are involved in
various important physiological and biochemical processes, including
plant development, signal transduction, regulation of secondary
metabolism, plant defence and response to biotic and abiotic stresses
(Pirovich et al., 2021). In this study, the increase in the expression of
FBA enzyme could imply the maintenance of glucose metabolism and
signal transduction in C. subternata plants during the period of
drought stress and may thus be classified as moisture/water stress-
responsive marker protein in the chloroplast (Xia et al., 2022). Similar
results were reported by Nazari et al. (2020) for wheat. Carrera et al.
(2021) stated that the increase in FBA levels in Arabidopsis is indica-
tive of an increased sucrose production in the cytosol and turnover in
the vacuole. This can further be supported by the increase in UGPase
and glucose 1-biphosphate aldenylyltransferase (GPT) expression in
the current study.

UGPase is an enzyme that serves as a subrast for the formation of
disaccharides, such as the signalling and energy transport/storage
molecule sucrose or the signalling molecule, trehalose-6-P (Qin et al.,
2021). Furthermore, the upregulation of UGPase in C. subternata
leaves indicates a potential increase in carbohydrate synthesis that
may modify gene expression and proteomic patterns (Decker and
Kleczkowski, 2019). GPT plays a role in starch synthesis and it
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catalyzes the synthesis of the activated glycosyl donor, ADP-glucose
from Glc-1-P and ATP (Peredes-Flores & Mohiuddin, 2022). The upre-
gulation of this enzyme in C. subternata leaves may have contributed
to enhancing starch synthesis, osmotic adjustment, altered carbon
partitioning and potentially affected gene expression patterns under
drought stress conditions.

4.5.4. Responses of stress response-related proteins during drought
stress

Glutathione S-transferases (GSTs) play multifaceted roles in
plants, including xenobiotic detoxification , antioxidant defence, hor-
mone homeostasis, and responses to biotic and abiotic stresses
(Zhunge et al., 2020). The GST activity has been reported to increase
in plants under abiotic stress (Kumar and Trivedi, 2018). Moreover,
expression of the GST gene, GsGSTU8, was highly induced after water
stress by increased concentrations of abscisic acid in Camellia sinensis
(Zhang et al., 2021). Yilmaz et al. (2023) reported an increase in GST
activity in wheat under drought stress suggesting their involvement
in defence against oxidative stressed caused by drought. While an
increase in GST activity is commonly reported under drought stress,
limited research exists that specifically reported a decrease in GST
activity under drought stress. Studies in wheat (Chen et al., 2004)
showed a decrease in GST activity under drought stress. In the pres-
ent study, the GST level in C. subternata leaves was increased by the
SS treatment, whereas it was decreased by the MS treatment. This
might be explained by the regulation of gene expression in this mul-
tigene family which is controlled by different mechanisms, and thus
the inducibility of the different GST genes will differ according to the
type of stress (Panara et al., 2022).

Lactoylglutathione lyase (glyoxalase I) is an enzyme that converts
methylglyoxal and other 2-oxoaldehydes to their 2-hydroxy acids
using glutathione as a cofactor (Chaktraborty et al., 2015). Methyl-
glyoxal is a cytotoxic compound, produced in many cellular meta-
bolic processes, and it accumulates in plants under diverse
environmental stresses (Armeni et al., 2014). Under drought stress
conditions, plants often experience various physiological and meta-
bolic changes as they adapt to limited water availability (Gon�zales,
2023). In some cases, a decrease in lactoylglutathione lyase or glyoxa-
lase I activity has been observed in plants under drought stress. A
study on Brassica napus plants subjected to drought stress reported a
reduction in glyoxalase I activity in the leaves of stressed plants
(Hasanuzzaman et al., 2018). Furthermore, the abundance of lactoyl-
glutathione lyase was decreased under drought stress conditions in
the present study. This decrease may have several implications in C.
subternata plants, such as increased methylglyoxal levels which may
lead to cellular damage, as well as an increase in ROS production due
to oxidative stress (Brossa et al., 2015). Vigna radiata plants subjected
to drought stress showed a disrupted glyoxalase system (Nahar et al.,
2017) which supports the result of our study.

Peroxidases (Class III) are enzymes which are crucial for plant
development, defence against pathogens and response to abiotic
stress (Shigeto and Tsutsumi, 2016). They are involved in various
physiological processes, including lignin biosynthesis, cell wall
remodelling and plant defence against pathogens (Kidwai et al.,
2020). Peroxidase was down-regulated in this study in response to
drought stress, which could indicate a reduction in the capacity of C.
subternata to detoxify ROS, such as H2O2, leading to ROS accumula-
tion.

Inositol methyltransferase was up-regulated in C. subternata
leaves following drought stress. Its function is to catalyse the methyl-
ation of myo-inositol into D-ononitol, the first step in the biosynthesis
of the cyclic sugar, D-pinitol (via the myo-inositol-O-methyltransfer-
ase (IMT1) gene). Dumschott et al. (2019) reported an up-regulation
of IMT1 in soybean under water deficit. D-Pinitol has osmoprotective
properties (Ostrowski et al., 2020) and is the most abundant sugar in
many Fabaceae species, including C. subternata. The pinitol content of
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a C. subternata extract was more than 4 mg/100 g extract (Yoshida et
al., 2020). The up-regulation of inositol methyltransferase in C. sub-
ternata following drought stress may indicate the importance of this
enzyme in the ability of the plant to survive under this stress condi-
tion.

It is clear from the results of this study that drought-induced pro-
tein expression could contribute towards plant stress tolerance
mechanisms and these proteins could thus be useful candidates for
further investigation of their molecular mechanisms of action in
plants, particularly honeybush during drought stress conditions.
5. Conclusions

In this study, drought stress reduced the RWC of C. subternata
leaves. In addition, untargeted chemical analysis using NIR-HSI and
DI-IMS-MS techniques revealed significant variations across drought
stress treatments, however, the plant constituents responsible for
these differences were not identified. Targeted chemical analysis
revealed that drought stress drastically augmented the proline level
of C. subternata leaves compared to leaves of well-watered plants,
implying that proline may have acted as an osmoprotectant, protect-
ing the plants from cell damage and enhancing survival during
drought stress. Contrary to expectations, drought stress treatments
had no effect on the individual phenolic compound and total carbo-
hydrate content of C. subternata leaves, as well as the sensory profile
of the herbal tea. These findings imply that C. subternata plants
require more severe drought stress conditions to alter these charac-
teristics. As a result, additional drought stress research addressing
these issues is required. Proteomics analysis, however, revealed that
C. subternata responded to drought stress by altering the expression
pattern of a variety of proteins involved in several processes. These
findings will help to improve honeybush breeding programmes for
the development of drought-tolerant plants. Future studies are
required to better understand the stress responsive mechanism in C.
subternata when subjected to prolonged drought stress under field
conditions. Furthermore, the drought response of other Cyclopia spe-
cies, particularly resprouters, also needs investigation in future. In
addition to the short duration of the stress treatment, another limita-
tion of the present study is that it did not take genetic variation
between the plants into account.
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