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Abstract
Derivatives of Carya illinoinensis (pecan) are used as dietary supplements and their leaf and nuts-in-shuck extracts are 
used in the treatment of various pathologies due to their significant composition in phenolic compounds that act as 
natural antifungal and anticancer agents. This study aimed to evaluate the antifungal activity of acetone extracts (AEs) 
from leaves (L) and nuts-in-shucks (S) of cultivars (cv.) Wichita (Wic) and Ukulinga (Uku) of South African C. illinoinensis 
against A. alternata pathogen. The AEs of Wic-L and Uku-L showed higher antifungal efficacy against all tested A. alternata 
isolates, with inhibition zones ranging from 11 to 39 mm. Acetone crude extracts of cv. Wichita and cv. Ukulinga showed 
efficacy against the isolates and were significantly different (p < 0.001). Scanning electron microscopy (SEM) showed 
major morphological damages on the conidia from assayed cultures, which resulted in inhibition. We further evaluated 
the in vitro cytotoxic effects of Carya illinoinensis on human embryonic kidney 293 (HEK-293T) cell lines with methanolic 
extracts (MEs). HEK-293T cell lines (10 × 103 cells/well) were treated with each sample of the extracts at various concen-
tration (1.56, 6.25, 12.5, 25, 50, and 100 µg/mL) and cell viability was quantitated using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay after 48 h. The HEK-293 cell viabilities when exposed to MEs of Wic-L, Wic-S, 
and Uku-L were 88.2%, 75.2%, and 86.3% respectively, confirming non-toxic properties in accordance with International 
Organisation for Standardization (ISO) norms. However, the viability of cell culture after the treatment with MEs of Uku-S 
was 37% and was as toxic. We further used High-performance liquid chromatography (HPLC) to investigate individual 
phenolic constituents and total phenolic content in the leaves and shucks of both cultivars. Twelve individual phenols 
were detected through HPLC analysis in the respective extracts. The total phenolic content was higher in the extracts 
of Wic-L (102.19 mg GAE/g) and Uku-L (110.13 mg GAE/g) relative to the Wic-S (62.03 mg GAE/g) and Uku-S (85.07 mg 
GAE/g) extracts. Finally, these findings highlighted the possibility of pecan leaf extracts as a potential natural bioactive 
antifungal agent against black spot disease on pecans in South Africa.
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Highlights

•	 The acetone extracts (AEs) of Wichita leaves (Wic-L) and Ukulinga leaves (Uku-L) of Carya illinoinensis had the height 
antifungal efficacy against all tested A. alternata isolates compared to the AEs of both nuts-in-shucks cultivars (Wic-S 
and Uku-S).

•	 Scanning electron microscopy showed major morphological damages on the conidia from the antifungal activity 
assayed cultures.

•	 The methanolic extracts (MEs) of Uku-S extract had toxic effects towards the HEK-293 cells relative to the non-toxic 
properties exhibited by Wic-L, Wic-S, and Uku-L.

•	 Twelve individual phenols were detected in the respective tested extracts and Wic-L and Uku-L extracts had higher 
total phenolic content compared to the Wic-S and Uku-S extracts.

Keywords  Antifungal activity · Alternaria alternata · South African pecan leaves and shucks—extracts · Phenolic 
compounds · HPLC analysis

1  Introduction

The upsurge modern phytomedicine and ethnopharmacology of medicinal plants and their extracts has attracted the 
attention of researchers over the years [1], since their high phytochemical content is used as antitumor, antioxidant [2] 
and antifungal agents in pathogenesis [3]. Herbal therapies are often considered less toxic and induce less side effects 
than synthetic ones [4], and the World Health Organization estimates that up to 80% of the world’s population uses con-
ventional medicines [5, 6], which as commonly used to alleviate diseases. Carya illinoinensis, commonly known as pecan 
can be beneficial for its abundant sources of unsaturated fatty acids, proteins [7] and the diverse bioactivities of second-
ary metabolites was found to be responsible for its therapeutic use as cytotoxic agents [8, 9] and antifungal agents [10].

In South Africa, industrial processing of C. illinoinensis is on the rise [11], however there is little or no knowledge of 
its ethnopharmacological use in the prevention and treatment of diseases such as diabetes, obesity, hypertension, 
hypercholesterolemia, cancer, and inflammatory diseases. Not to mention that phytopathogenic fungi such as Alternaria 
alternata, evidently known to cause Alternaria black spot (ABS) disease on C. illinoinensis in South Africa [12, 13] which 
in reduces the quality and production yield. Fungicides are used to manage the spread of the disease caused by A. alter-
nata on various crops [14] and on C. illinoinensis ABS pathogen [15]. However, the hazardous effects of fungicides can be 
detrimental to human health and the environment. For example, Bastos et al. [16] used mice cells to demonstrate that 
non-azole agrochemicals used to improve crop productivity can induce permanent cross-resistance with clinical anti-
fungals. It is worth developing cheaper and more environmentally compatible biofungicides to attenuate plant diseases 
[17]. Therefore, the increasing occurrence of degenerative and pathogenic diseases on humans and plants worldwide 
has stimulated the search for new sources of bioactive compounds, and alternative treatments are strongly encouraged.

Phytomedicinal extracts are considered safe for use as a potential natural agent in place of fungicides [18] and C. 
illinoinensis tissues has been shown to have promising application for control of phytopathogens, including Alternaria 
[19]. In addition, has exhibited strong antioxidant and anti-hyperglycaemic effects against streptozotocin (STZ)-induced 
diabetes in Sprague–Dawley mice [20] and streptozotocin-induced diabetic rats [21]. This association between the high 
intake of phenolic compounds from herbal sources and protection against different types of human diseases and phy-
topathogenic disease has been established but little or no information is available on the antifungal effects of acetone C. 
illinoinensis leaf and shuck extracts against A. alternata ABS pathogen and the effects of the extracts as cytotoxic agents.

In this study, the potential in vitro antifungal activity of acetone extracts (AEs) of leaf (L) and shuck (S) of two South 
African C. illinoinensis cultivars (cv.) Wichita (Wic) and Ukulinga (Uku) against A. alternata was investigated. Scanning 
electron microscope (SEM) images were used to corroborate changes in the cell membrane of A. alternata, possibly 
induced by crude extracts with high inhibitory activity. We determined the relevant phenolic acid composition and 
the total phenolic content in the leaves and shucks of Wic- and Uku-cv. using High-Performance Liquid Chromatogra-
phy (HPLC). Finally, we investigated the in vitro cytotoxic effects of C. illinoinensis methanolic extracts (MEs) on normal 
human embryonic kidney 293 (HEK-293T) cell lines using MTT 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide) assay commonly used to demonstrate cell viability after exposure to toxic substances [22].
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2 � Material and methods

2.1 � Carya illinoinensis samples and crude extracts preparation

Fresh C. illinoinensis leaves and nuts-in-shucks of matured Wic-cv and Uku-cv trees were acquired from an orchard in 
Hartswater (S 27° 49′ 32.6 E 024° 50′ 11.7), Northern Cape province of South Africa in October 2022. The pecan samples 
were transported to the laboratory following due protocol [13]. Plant materials were surface-sterilised by washing 
with tap water, disinfected in 2% sodium hypochlorite (NaOCl) for 3–5 min, rinsed with sterilised distilled water 
(dH2O) for 2 min and then dried using laboratory tissue paper. Peeled shucks and leaves for each cultivar were dried 
and grounded into a fine powder by a blender (Fig. 1a–h). Plant crude extracts were performed by implementing a 
cold extraction method [23, 24], with solid/liquid separation techniques of acetone (99.5%) (Sigma-Aldrich, Johan-
nesburg, South Africa) as extraction solvents. The homogenised plant materials (5 g) were soaked in their respective 
solvent (40 mL) and shaked for 72 h at room temperature in an orbital shaker (Heidolph-Instruments, Schwabach, 
Germany) (Fig. 1e). The plant extracts were filtered with a Buchner funnel and Whatman No. 1 filter paper (Fig. 1f ). 
Filtrates were concentrated at 35 ± 2 °C using a shaker incubator (Labotec IncoShake, Gauteng, South Africa) at a 
speed of 25 rpm (Fig. 1g, h) and stored at − 20 °C until use.

2.2 � Antifungal activity assay

Three A. alternata isolates (CGJM3006, CGJM3078, CGJM3142), shown to cause ABS disease in a previous study [13], were 
used. The cultures are maintained in the culture collection of Gert Johannes Marais (CGJM), Department of Plant Sciences, 
University of the Free State, South Africa. Cultures of each isolate were inoculated in 45 mL Potato dextrose broth (PDB) 

Fig. 1   South African Carya 
illinoinensis leaves and shuck 
of Wichita and Ukulinga culti-
vars used in preparing crude 
extracts. a Shuck samples. b 
Leaves samples. c Blending 
process. d Fine powder sam-
ples. e Orbital shaker process 
of the samples soaked in the 
respective solvents. e Filtra-
tion of the homogenised sam-
ples. g Shaker incubator to 
concentrate sample filtrates. h 
Residue crude extracts



Vol:.(1234567890)

Research	 Discover Applied Sciences            (2024) 6:67  | https://doi.org/10.1007/s42452-024-05721-8

media and placed in a shake-incubator (Apex-Scientific, Gauteng, South Africa), at a speed of 25 rpm for 21 days. Spore 
concentrations were adjusted to (1 × 106 spores/mL) using a hemocytometer [25], corresponding to the standardised 
number of viable spore counts per grid required for filamentous fungi.

The in vitro antifungal activity screening for the crude extracts was investigated using a well-diffusion method [26]. The 
PDB media (5 mL) with conidial suspension of A. alternata were mixed with potato dextrose agar (PDA) medium (50 °C) 
and poured in separate 90 mm Petri plates (Lasec, Bloemfontein, South Africa). Plates were left under a laminar air flow 
system to solidify. The PDA plates were bored (5 mm) using a sterile plug borer and inoculated with 60 μL of each crude 
extract at different concentrations (60, 70, 80 and 90 mg/mL in sterile dH2O). Sodium hypochlorite (5% NaOCl) was used 
as positive control, while sterile dH2O was used as the negative control for each plate. The treatment was performed 
in triplicate. Test plates were incubated in a Labcon LTGC-M40 incubator (Labcon, Gauteng, South Africa) for 7 days at 
25 ± 1 °C under 12 h alternating cycles of Near Ultra-Violet (NUV) light and darkness.

The diameter (mm) of the zone of inhibitions of the crude extracts and the positive controls on fungal growth were 
measured using ImageJ v. 1.53 software [27]. Two orthogonal diameter measurements of the plate (200 mm) were cali-
brated as the scale standard of the images. The inhibition zone diameters were determined at 0° and 90° measurement, 
and the mean diameter values were used consequently. The values from the respective wells were subtracted from the 
zone of inhibition of the crude extracts to obtain standardised sizes of the inhibition zones.

2.3 � Scanning electron microscopy

A representative culture of A. alternata isolate (CGJM3006) was treated with 90 mg/mL of AEs derived from leaves and 
shucks of Wic-cv and Uku-cv showing the largest zone of inhibition were examined by scanning electron microscopy. 
Small blocks (5 mm) of agar containing the edge of zones of inhibition and the untreated (negative control) mycelial 
growth zones were aseptically cut out from the treated Petri plates. The samples were fixed in 3% glutaraldehyde (Sigma 
Aldrich, St. Louis, Missouri, United States), rinsed in 0.1 M (pH 7.0) sodium phosphate buffer solution for 3 h, and post-
fixed in 1% osmium tetroxide (OsO4) for 1 h. The samples were placed on 0.2 µm polycarbonate membrane filters and 
dehydrated in a graded ethanol series (50%, 70%, and 95%) for 20 min in each phase, followed by two changes in 100% 
for 1 h in each phase. Samples were dried using a critical point dryer (Tousimis, Maryland, USA), mounted on stubs 
(Cambridge pin type, 10 mm) using double sided carbon tape and gold coated (± 60 nm) with a Bio-Rad sputter coater 
(Bio-Rad, Oxfordshire, United Kingdom). Specimens were examined and analysed with a JSM-7800F Extreme-resolution 
Analytical Field Emission Scanning Electron Microscope (JEOL Ltd, Tokyo, Japan) at the Centre for Microscopy, University 
of the Free State, South Africa.

2.4 � Phenolic acid composition and total phenolic content

HPLC analyses for MEs of leaves and shucks of Wic-cv and Uku-cv were carried out using an Agilent 1260 Infinity HPLC 
series (Agilent Technologies, Santa Clara, CA, USA), equipped and separated with a quaternary pump and a Zorbax Eclipse 
plus Eclipse C18 column (4.6 mm × 250 mm i.d., 5 μm). The column temperature was maintained at 40 °C. The mobile 
phase consisted of HPLC grade water (solution A) and 0.05% trifluoroacetic acid in acetonitrile (solution B) at a flow 
rate 1 mL/min. The mobile phase was programmed consecutively in a linear gradient as follows: 0 min (82% A); 0–5 min 
(80% A); 5–8 min (60% A); 8–12 min (60% A); 12–15 min (82% A); 15–16 min (82% A), and 16–20 min (82% A). The injec-
tion volume was 5 μL for each of the sample solutions. The multiwavelength detector was monitored at 280 nm. The 17 
standard phenolic compounds used were gallic acid, chlorogenic acid, catechin, methyl gallate, coffeic acid, syringic acid, 
pyrocatechol, rutin, ellagic acid, coumaric acid, vanillin, ferulic acid, naringenin, quercetin, cinnamic acid, kaempferol, 
and hesperetin (Sigma-Aldrich, Cairo, Egypt).

Total phenolic content (TPC) in the four extracts was determined by a FluoStar Omega Microplate Reader (BMG 
Labtech, Kaliobyea, Egypt), according to the minor modification of Microplate method [24]. Briefly, a methanol extract 
(3 mg/mL) of the samples were prepared. Separately, gallic acid standard stock solution of 1 mg/mL was prepared in 
methanol and 9 serial dilutions were subsequently prepared in the concentrations of (12.5, 25, 50, 100, 200, 400, 500, 
800 and 1000 μg/mL). The TPC was determined by comparing absorbance of the samples against a standard curve of 
gallic acid (µg/mL) equivalents per gram (mg GAE/g) of dry extract, thus, the average absorbance was recorded in three 
replicates.
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2.5 � Cytotoxicity assay

Cell viability for cytotoxicity against normal human embryonic kidney cells (HEK-293T) was assessed by the mitochon-
drial-dependent reduction of yellow MTT to purple formazan by following standard protocol for MTT assay [22]. The 
HEK-293T cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) were suspended in 
DMEM-F12 medium, 1% antibiotic–antimycotic mixture (10,000 U/mL Potassium-penicillin, 10,000 µg/mL Streptomycin 
sulphate and 25 µg/mL Amphotericin B), and 1% l-glutamine at 37 °C in a 5% CO2 incubator.

Cells were batch grown for 10 days, then seeded in 96-well plates at a density of 10 × 103 cells/well, in complete growth 
medium, and incubated at 37 °C for 24 h in a 5% CO2 incubator. Medium was aspirated off and serum deprived fresh 
medium was added to negative control (treated with DMSO) or treated with individual samples of Pecan cultivars (WS, 
WL, US, UL) to a final concentration range of (1.56, 6.25, 12.5, 25, 50, and 100 µg/mL). After 48 h of incubation, medium 
was aspirated, 40 µL MTT salt (2.5 μg/mL) was added to each well. Plates were incubated four hours at 37 °C supported 
with 5% CO2. The 200 μL of 10% sodium dodecyl sulphate (SDS) in deionized water was added to each well to stop the 
reaction, then the plates were incubated overnight at 37 °C. Doxycycline (100 µg/mL) was used as a positive control 
to obtain 100% lethality under the same conditions [28]. Absorbance at 595 nm and reference absorbance at 620 nm 
was measured using a microplate reader (Bio-Rad Laboratories Inc., model 3350, Hercules, California, USA). The mean 
percentage of change in viability was calculated according to the formula:

2.6 � Statistical analyses

Data for mycelial growth inhibition (mm) and total phenolic content were presented as means ± standard deviations 
(triplicate values). Data were subjected to three-way ANOVA to show the interaction effects of Alternaria alternata iso-
late, cultivar (Wichita and Ukulinga tissues) and the concentration of extracts using R version 4.1.0 [29] within R-Studio 
v. 1.3.959 [30], and Fisher’s LSD test (p = 0.05) function from the ‘agricolae’ [31] and ‘doebioresearch’ (Analysis of Factorial 
Randomised Block Design for 3 factors) [32] packages were used to determine the significant level of the data.

The data of cell viability for cytotoxicity were subjected to probability analysis to determine LC50 and LC90 using IBM 
SPSS program, version 11.0, while the independent t-test was employed to analyse the significant differences between 
negative control and samples.

3 � Results

3.1 � Antifungal activity effects

Analyses of variance for the antifungal activity of AEs of leaf and shuck showed a significant interaction between the A. 
alternata isolate, cultivar (Wichita and Ukulinga tissues), and concentration of extracts (p < 0.001) (Tables 1, 2, Fig. 2, and 
Supplementary Table S1). Negative controls (dH2O) had no antifungal effect with 0% inhibition of mycelial growth and 
differed significantly (p < 0.001) from positive controls (5% NaOCl) and the AEs treatment. The extracts showed significant 
antifungal effects against the treated fungal isolates at different concentrations, where zones of inhibition increased 
consistently with increased concentrations (60–90 mg/mL) (Table 1). Leaf extracts for both cultivars differed significantly 
(p < 0.001) compared to the inhibition by shuck extracts, indicating better antifungal efficacy. Alternaria alternata isolate 
CGJM3006 was the most susceptible to AEs concentrations from 60 to 90 mg/mL (inhibition zones ranging from 11 to 
39 mm), and significantly different (p < 0.001) from A. alternata CGJM3142 having zones of 8–36 mm (p < 0.001), and A. 
alternata CGJM3078 with slightly different zones of 5–17 mm (p < 0.001). The AEs of Wic-cv had zones of inhibition ranging 
from 8 to 39 mm, and were significantly different (p < 0.001) from those of Uku-cv, with inhibition zones from 5 to 29 mm.

Viability (%) =

[(

Absorbance sample

Absorbance negative control

)

− 1

]

100.
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3.2 � Scanning electron microscopy

The conducted SEM analysis showed structural damage to A. alternata conidia after treatment with pecan leaves and 
shucks AEs of both cultivars (Fig. 3a–f ). Treated conidia showed plasmolysis and distorted, squashed, collapsed or rough 
conidial surfaces. The untreated A. alternata conidia were well-developed with a smooth conidial surface. Evidently, the 
results established a significant morphological alteration and damage between the untreated (control) and treated 
conidia.

3.3 � Phenolic acid composition and total phenolic content

Seventeen phenolic acids were detected (Fig. 4a–e) in the pecan leaf and shuck extracts of the South African C. illinoin-
ensis cultivars. The most abundant phenolic compounds detected in an ascending order (Supplementary Table S2) in 
the leaf extracts of Wic-cv ranged from pyrocatechol (112.24 µg/17.5 mg) to the lowest in naringenin (14.09 µg/17.5 mg), 
and pyrocatechol (21.61 µg/17.9 mg) to chlorogenic acid (12.25 µg/17.9 mg) in the shuck extracts of Wic-cv. In the leaf 

Table 1   Antifungal activity of 
acetone extracts of leaves and 
shucks of Carya illinoinensis 
Wichita cultivar against 
Alternaria alternata 

mm: millimetre; SD: standard deviation

Three-way ANOVA differences were considered significant when p < 0.05, different superscript letters indi-
cate significant differences among treatments, according to the Fisher’s LSD test, (–): no zone of inhibition, 
(Control): distilled water as negative controls, (NaOCl): 5% bleach as positive controls, (mg/mL): concentra-
tion of extracts

Acetone extract (mg/mL) Wichita

Leaf extract Shuck extract

CGJM3006 CGJM3078 CGJM3142 CGJM3006 CGJM3078 CGJM3142

Mean mycelial growth inhibition and standard deviation (mm ± SD)

5% NaOCl 67.6a ± 0.6 66.1a ± 0.3 66.6a ± 0.14 67.8a ± 0.3 65.0b ± 0.3 64.0c ± 0.02
90 36.8b ± 0.7 17.2e ± 0.2 35.6b ± 0.4 39.2d ± 0.1 11.0h ± 0.1 19.0g ± 0.1
80 31.1c ± 0.5 11.9f ± 0.3 34.4b ± 0.4 26.8e ± 0.4 10.0h ± 0.2 14.7h ± 0.3
70 19.8e ± 0.6 12.1f ± 0.1 23.8d ± 0.5 23.8f ± 0.2 9.8j ± 0.1 11.9i ± 0.1
60 10.7f ± 0.2 10.1f ± 0.1 14.0f ± 0.2 11.0h ± 0.02 8.1i ± 0.3 8.3i ± 0.3
Control (dH2O) 0.0g ± 0.0 0.0g ± 0.0 0.0g ± 0.0 0.0k ± 0.0 0.0k ± 0.0 0.0k ± 0.0
p = 0.05 0.001 0.001 0.001 0.001 0.001 0.001

Table 2   Antifungal activity of 
acetone extracts of leaves and 
shucks of Carya illinoinensis 
Ukulinga cultivar against 
Alternaria alternata 

mm: millimetre; SD: standard deviation

Three-way ANOVA differences were considered significant when p < 0.05, different superscript letters indi-
cate significant differences among treatments, according to the Fisher’s LSD test, (–): no zone of inhibition, 
(Control): distilled water as negative controls, (NaOCl): 5% bleach as positive controls, (mg/mL): concentra-
tion of extracts

Acetone extract (mg/mL) Ukulinga

Leaf extract Shuck extract

CGJM3006 CGJM3078 CGJM3142 CGJM3006 CGJM3078 CGJM3142

Mean mycelial growth inhibition and standard deviation (mm ± SD)

5% NaOCl 64.9b ± 0.3 62.0c ± 0.01 66.0a ± 0.1 66.0a ± 0.03 66.0a ± 0.02 63.9b ± 0.04
90 27.1d ± 0.01 11.1h ± 0.1 27.1d ± 0.03 29.0c ± 0.02 8.0i ± 0.03 20.0e ± 0.02
80 23.0e ± 0.3 11.0h ± 0.3 22.0e ± 0.1 22.0d ± 0.03 7.0i ± 0.1 18.0f ± 0.1
70 21.0e ± 0.2 8.9i ± 0.1 18.0f ± 0.04 18.0f ± 0.1 6.0j ± 0.04 16.0g ± 0.03
60 15.9g ± 0.07 7.0i ± 0.1 14.8g ± 0.2 11.0h ± 0.04 5.0j ± 0.04 12.0h ± 0.03
Control (dH2O) 0.0k ± 0.0 0.0k ± 0.0 0.0k ± 0.0 0.0k ± 0.0 0.0k ± 0.0 0.0k ± 0.0
p = 0.05 0.001 0.001 0.001 0.001 0.001 0.001
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extracts of Uku-cv, pyrocatechol (71.38 µg/17.4 mg) was the most abundant and coumaric acid (11.41 µg/17.4 mg) was 
the lowest detected. Whereas in the shuck extracts of Uku-cv, pyro catechol (41.14.38 µg/21.8 mg) was the most abundant 
phenolic compound and catechin (29.11 µg/21.8 mg) was detected the lowest.

For the total phenolic content, the analytic curve showed linearity in the concentration range used as standard for 
gallic acid (Regression equation: y = 0.0036x − 0.1174 and R2 = 0.9917), where y absorbance at 630 nm and x total phenol 
in the extracts (Fig. 4f ). Total phenolic content of the four extracts (Table 3) were expressed as gallic acid equivalent (GAE) 
and found higher in the leaf extracts of Wic-cv (102.19 mg GAE/g) and Uku-cv (110.13 mg GAE/g), with p = 2.6e−13. 
The shuck extracts of Wic-cv and Uku-cv were significant (p = 0.018) and showed relatively lower amounts (62.03 and 
85.07 mg GAE/g), respectively.

3.4 � Cytotoxicity effects of C. illinoinensis extracts on HEK‑293T cells

The cytotoxicity effects of C. illinoinensis Wic-cv and Uku-cv MEs on HEK-293Tcell lines based on the MTT cell viabil-
ity assay after 48 h are presented in Table 4 and Fig. 5. Cell viability decreased with increasing MEs concentrations 
(1.56–100 µg/mL) of leaves and shucks of Wic-cv, leaves of Uku-cv on the cells increased after 48 h incubation (Fig. 5). 
Accordingly, three MEs were toxic to the cells compared to doxycycline (positive control) and DMSO (negative control) 
(Table 4), with leaf extract of Wic-cv (LC50 = 56.0 µg/mL, LC90 = 93.4 µg/mL, and 88.2% at 100 pmm), shuck extract 

Fig. 2   Plates representing 
inhibition zones of acetone 
leaf and shuck extracts of 
Carya illinoinensis leaves and 
shucks (90 mg/mL) against 
Alternaria alternata isolate 
(CGJM3006). Black arrow 
heads indicate antifungal 
activities caused by the crude 
extracts, (+ve) indicates 
the bleach (NaOCl) positive 
control, and (−ve) the sterile 
distilled water that served as 
negative control
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of Wic-cv LC50 = 63.2 µg/mL, LC90 = 110.0 µg/mL, and 72.2% at 100 pmm), leaf extract of Uku-cv (LC50 = 49.1 µg/mL, 
LC90 = 86.8 µg/mL, and 86.3% at 100 pmm) and thus, no toxic effects for shuck extract of Uku-cv (37.8% at 100 pmm) 
less than the LC50 and LC90 values.

Fig. 3   Scanning electron microscopy (SEM) micrographs of Alternaria alternata conidia (CGJM3006) treated with acetone leaf and shuck 
extracts (90 mg/mL). a, b Untreated (control) fungal conidia. c Conidia treated with Wichita shuck extracts. d Conidia treated with Wichita 
leaf extracts. e Conidia treated with Ukulinga shuck extracts. f Conidia treated with Ukulinga leaf extracts. The arrow depicts collapsed or 
rough conidial surface. Scale bar = 1 μm
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Fig. 4   HPLC chromatogram profiles of phenolic standards detected in leaf and shuck extracts of Carya illinoinensis cultivars. a Wichita leaf 
extracts. b Wichita shuck extracts. c Ukulinga leaf extracts. d Ukulinga shuck extracts. e Phenolic standards. f Gallic acid standards absorb-
ance verses calibration curve for total phenolic content (TPC). HPLC profiles of the phenols were simultaneously detected at 280  nm of 
absorbance (mAU) versus 20 min retention time (minutes). The 17 phenolic compound standards are gallic acid (G-a), chlorogenic acid (CG-
a), catechin (CAT), methyl gallate (meGAL), coffeic acid (COFF-a), syringic acid S-a), pyro catechol (PC), rutin (RUT), ellagic acid (E-a), coumaric 
acid (COU-a), vanillin (VA), ferulic acid (F-a), naringenin (NA), quercetin (QUA), cinnamic acid (C-a), kaempferol (KEM), and hesperetin (HES)

Table 3   Total phenolic 
content detected in the pecan 
leaves and shucks extracts of 
Carya illinoinensis cultivars

a GAE: gallic acid equivalent
b SD: standard deviation, and all values are presented as the mean of six replicates
*  Statistically significant difference between the leaves and shucks extracts of Carya illinoinensis cultivars 
using Fisher’s LSD test (p = 0.05)

Sample *Average reading 
at 630 nm

Substitution in calibrated 
curve equation (μg/mL)

Total phenolics content (mg 
GAE/g)a and standard deviation 
(SD)b

Wichita leaves 0.986 306.59 102.19 ± 5.94*
Wichita shucks 0.552 186.11 62.03 ± 2.33
Ukulinga leaves 1.072 330.38 110.13* ± 3.39*
Ukulinga shucks 0.801 255.22 85.07 ± 2.21
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4 � Discussion

No data as yet have been published to support the efficacy of South African C. illinoinensis tissue extracts against A. 
alternata, besides data on other plant pathogens. In this study, the antifungal activity of AEs leaf and shuck extracts 
of C. illinoinensis Wic-cv and Uku-cv were evaluated against A. alternata isolates, causing ABS on C. illinoinensis in 
South Africa. The AEs demonstrated antifungal efficacy on the tested pathogen by inhibiting growth, resulting in 
plasmolysis and conidial distortion. In addition, the leaf and shuck extracts of both cultivars showed activity but 
leaves of Wic-cv were more effective. Phytochemical analysis of C. illinoinensis tissues of both cultivars showed the 
presence of phenols. The cytotoxicity of the cell viability effects of leaf and shuck MEs for both cultivars showed strong 
toxic cytotoxic effects on the HEK-293T cells, except for the Uku-cv shuck extracts with non-toxic effects.

In vitro antifungal activity showed that the different concentrations and crude extracts for the pecan cultivars exhib-
ited varying levels of antifungal activity against the A. alternata isolates. Acetone crude extracts of Wic-cv and Uku-cv 
were efficient, demonstrating larger inhibition zones on A. alternata growth. A previous study, for instance, showed that 
the volatile oil extracts of pecan leaves from Wic-cv showed antifungal activity against Aspergillus flavus with inhibition 
zones of 10 mm [20]. The current study showed that acetone extracts inhibited the growth of the pathogen A. alternata. 
In addition, changes in the conidia suggest that the extracts may potentially be utilised as antifungal agents.

The efficacy of antifungal activity demonstrated by AEs could be attributed to the solubility properties of the 
solvent [33–35]. Altogether, we suggest that the antifungal activity of acetone plant extracts could depend on the 
polar constituents that contributed to the inhibitory effects on A. alternata [36]. Inhibitory effects of AEs against A. 
alternata have been previously reported. For example, Wianowska et al. [24] demonstrated that acetone extracts of 
Juglans regia strongly inhibited the mycelial growth of A. alternata. Similarly, acetone extracts of Allium, Datura and 
Zingiber [37] and Withania somnifera leaves showed strong antifungal activity against A. alternata [38].

Crude acetone extract showed structural damage to the A. alternata conidia, with shrunken, distorted, and perfo-
rated cell walls. The morphological aberrations of A. alternata conidia observed in this study and inhibition of spore 

Table 4   HEK-293T cell viability 
after the application of 
different methanolic extracts 
of Carya illinoinensis cultivars 
in vitro

LC50: lethal concentration of the sample which causes death of 50% of cells in 48 h

LC90: lethal concentration of the sample which causes death of 90% of cells in 48 h
* Non-toxic
# Toxic

Code LC50 (µg/mL) LC90 (µg/mL) Remarks

Wichita leaves (WL) 56.0 93.4 88.2% at 100ppm*

Wichita shucks (WS) 63.2 110.0 75.2% at 100ppm*

Ukulinga leaves (UL) 49.1 86.8 86.3% at 100ppm*

Ukulinga shucks (US) – – 37.8% at 100ppm#

DMSO (positive control) – – 3% at 100ppm#

(Negative control) – – 0%

Fig. 5   Probability transformed response effects of methanolic extracts (MEs) of Carya illinoinensis cultivars on HEK-293T cells viability ana-
lysed by mitochondrial metabolic activity (MTT) assay. Cells were treated for 48 h with increased concentration of MEs of Wichita leafs (a), 
Wichita shucks (b), Ukulinga leafs (c), and no toxic effects for Ukulinga shucks. Data are represented as means ± standard deviations (n = 3)
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formation could be due to the abundance of bioactive compounds in the leaf and shuck extracts of C. illinoinensis, 
which led to the anomalies observed in the SEM micrographs. These morphological alterations may be linked to 
disruptions in the morphogenesis and growth of A. alternata, as previously reported [39, 40]. Plant extracts enriched 
with phenolic compounds are lipophilic in nature and can easily diffuse through cell membranes, interfering with 
cellular stability [41]. The action mechanism allows these phenolic compounds to interfere with the ABC transporter 
system (ATP binding cassette) [39]. This may inhibit the synthesis of ergosterol, ATP and aminoacyl tRNA synthetase, 
leading to cell dysfunction and altered sterol metabolism, ultimately results in fungal cell leakage, plasmolysis, and 
cell lysis. Such suggested mechanisms need to be investigated in the future.

HPLC profile of phenolic acid composition showed that leaves of Wic-cv and Uku-cv had abundant phenolic 
contents contrary to shucks. This was based on retention time, standards and the peaks depicted in the HPLC 
chromatogram profiles. The most phenols detected in leaves of Wic-cv and Uku-cv, respectively, include pyrocat-
echol (112.24 µg/17.5 mg and 71.38 µg/17.4 mg), chlorogenic acid (74.01 µg/17.5 mg and 58.65 µg/17.4 mg), gal-
lic acid (27.26 µg/17.5 mg and 29.67 µg/17.4 mg), catechin (20.21 µg/17.5 mg and 44.47 µg/17.4 mg), naringenin 
(14.09 µg/17.5 mg and 25.35 µg/17.4 mg), and coumaric acid (17.03 µg/17.5 mg and 11.41 µg/17.4 mg). Pyrocatechol 
or catechol (1,2-dihydroxybenzene), along with other phenolics such as chlorogenic, gallic, catechin, naringenin, 
and coumaric, can be found in different edible and medicinal plants, for instance, acai fruit oil [42], green tea [43], 
mushrooms [44], and roselle [45]. These phenolic compounds exhibit a wide range of biological and pharmacological 
activities in pecans such as, antiviral, antibacterial, anti-inflammatory, anticancer and antioxidant [46–48]. Further 
studies of these enzyme activities can be evaluated against the pathogen A. alternata and potentially biosynthesised 
as biofungicides [49]. Other phenols were detected at lower levels, and kaempferol and hesperetin were not present. 
Similar peaks of these phenols from pecan tissues have been previously reported from cultivars such as Cheyenne, 
Choctaw, Pawnee, Stuart, Summer, Ukulinga, Western, and Wichita [20, 50].

It is worth mentioning that the concentration of the total phenolic content (TPC) assay in leaves of Wic-cv 
(102.19 mg GAE/g) and Uku-cv (110.13 mg GAE/g) was higher than the shucks (62.03 mg GAE/g and 85.07 mg 
GAE/g) respectively. The variation in individual phenols and TPC concentrations for the samples could result from 
the abundance of secondary metabolites at different concentrations in plant parts, like leaves [10, 51, 52]. This may 
account for the difference or absence of phenols between the studied pecan leaf and shuck organs. These variations 
have been attributed to different extraction procedures and solvent polarities responsible for dissolving endogenous 
compounds of plants [35]. Phenolics are more soluble in polar organic solvents [53], hence methanol and acetone 
were selected as the extracting solvent for TPC evaluation [20, 54].

Phenolics are usually more lipophilic and are set to penetrate biological membranes or alter membrane function-
ality because of the lipophilicity [55, 56], whereas hydroxyl groups of phenolics can influence the cell membrane by 
decoupling oxidative phosphorylation. In addition, lipophilic phenolic compounds can build up in the phospholipid 
bilayer and alter plasma membrane permeability for cations such as K+ and H+, causing disruption of ion homeostasis 
and pH homeostasis. In light of this, the action of gallic acid (TPC) might also target and damage the cell membranes 
of the tested A. alternata pathogen in our study since the phenolic compound is a hydrophobic and lipophilic phe-
nolic acid [57]. There is therefore no doubt, that these phenolic compounds are likely responsible for the antifungal 
activity against A. alternata in this study.

Several methods have been used to evaluate polyphenols in pecans [7]. Typically, high performance liquid chroma-
tography (HPLC) analysis, specifically the Folin-Ciocalteu method is the most common, less costly, decrease runtime, 
and suitable for the determination of samples including phenolic compounds in plants [58]. Other than the types of 
phenolic compounds, the relative composition of these compounds are also given by HPLC analysis in the form of 
peak areas [59, 60]. Furthermore, the HLPC-microplate method has been described specifically for the determination 
of total phenolic compounds [61]. Moreover, this assay gives a short reaction time of 3 min and either gallic acid or 
tannic acid are used as a phenolic standard. Hence, the HLPC analysis can successfully determine the phenolic con-
tents in pecan leaves and shucks, which are waste products that could be a high value raw material for the preparation 
of extracts or phenolic compounds.

Cytotoxicity studies performed with MTT using MEs leaf and shuck of Wic-cv, leaf extracts of Uku-cv showed 
stronger cytotoxic effects and was toxic to the HEK-293T cells, while the shuck extracts of Uku-cv lower cytotoxic 
effects and no toxic effects to the cells. This cytotoxic effects on HEK-293T cells may be attributed to the polyphenolic 
compositions of the C. illinoinensis methanolic extracts, and this agrees with previously reported studies, showing 
effects of MEs of peels from C. illinoinensis rich in polyphenols. In addition, cell prohibit mortality can be due to high 
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concentrations of toxic bioactive compounds, including ellagic acid and gallic acid [62–64], as well as inorganic ele-
ments, whose safe dosage should be taken into consideration.

5 � Conclusion

The need to find alternative applications to combat A. alternata pathogen infections on C. illinoinensis in South Africa has 
necessitated the current study. The observed efficacy of particularly leaves and shucks acetone extracts of Wic-cv and 
Uku-cv, indicates the possibilities of controlling the A. alternata pathogenesis. For instance, gallic acid and its derivatives 
(pyrogallic acid and syringic acid) inhibited the mycelial growth of A. solani and revealed dose-dependent fungistatic 
activities in vitro and suppressed the development of tomato early blight in vivo without any phytotoxic symptoms on 
treated tomato plants. Phenolic compounds are non-toxic to plants, but usually have toxic or lytic effect on pathogens, 
which reduces or inhibits infection. The application is inexpensive and could possibly eliminate the issues of synthetic 
molecules that are unsafe to the environment. Field trials to test the use in the field would be of great interest for future 
studies. Cytotoxicity study shed lights on the impact of extracts from C. illinoinensis leaves and shucks against normal 
HEK-293T cells. Interestingly, shucks extract of Uku-cv was non-cytotoxic, which would encourage its use as a natural 
bioactive product for therapeutic purpose to prevent cytotoxic events. However, further in vivo studies are needed to 
validate the use of Uku-cv shucks extract and conduct stringent screening for the effective compounds.
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