
Encephalartos lanatus-associated bacteria and extracellular enzyme 
activities improve soil nutrition in nutrient-deficient 
grassland ecosystems

Memory Sigasa a,1, Anathi Magadlela b,c, María A. Pérez-Fernández d, 
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A B S T R A C T

Encephalartos lanatus, commonly called ‘Olifants River Cycad’, is slow-growing and thrives in 
nutrient-deficient and acidic grassland soils. Like other Encephalartos spp., E. lanatus possess 
coralloid roots that host nutrient cycling microbes that may enhance soil and plant health and 
landscape productivity. However, identification of these microbes and their role in soil nutrient 
improvement have been documented for forest and savanna woodland Encephalartos spp., with 
limited knowledge on grassland species. The knowledge gap challenges the development of a 
holistic conservation strategy for grassland cycads. This study identified E. lanatus coralloid roots, 
rhizosphere, and bulk soils bacterial communities, and assessed the nutrient status and enzyme 
activities of both soils. Bulk and rhizosphere soils, and E. lanatus coralloid roots were sampled 
from a > 300 E. lanatus plant population growing in a rocky grassland at Botshabelo in Mid
dleburg, Mpumalanga for nutrient analysis, enzyme activity assays, and bacterial identification. 
Nutrient concentration was higher in rhizosphere (20.54±3.40) than bulk (17.47±3.24) soils but 
not significantly different (p = 0.55). Concentration of magnesium and manganese were signif
icantly higher (p < 0.05) in rhizosphere than bulk soils. Nitrogen, phosphorus, potassium and 
calcium were higher in rhizosphere than bulk soils but did not differ significantly (p > 0.05). Acid 
phosphatase and nitrate reductase enzyme activities were significantly (p < 0.05) higher in 
rhizosphere than bulk soils. Nutrient cycling bacteria of the genera Bacillus, Burkholderia, 
Enterobacter, Paraburkholderia, Pseudomonas and Rhizobium characterised coralloid roots, rhizo
sphere and bulk soils bacterial communities. The high nitrogen, phosphorus and potassium 
concentrations in rhizosphere as compared to bulk soils suggest that nutrient cycling bacteria in 
the coralloid roots, rhizosphere and bulk soils, and increased enzyme activities may be contrib
uting to improving soil and E. lanatus health and productivity in nutrient-poor grassland 
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ecosystem. This underscores the role of E. lanatus in soil nutrient improvement and the need to 
develop holistic conservation approaches for grassland cycads.

Introduction

Cycads are the only gymnosperms that can establish a symbiotic relationship with nitrogen-fixing bacteria [1], and are among the 
most endangered plant groups globally, with over 70 % of cycad species listed as threatened in the 1997 IUCN Red List of Threatened 
Plants. According to Raimondo et al. [2], all species in the Encephalartos genus are included in the Red List of South African Plants, 
underscoring their conservation priority. This long-standing threat status, dating back decades, highlights the persistent and ongoing 
pressures on cycad populations. The grassland cycad Encephalartos lanatus, which is endemic to South Africa, has been reclassified as 
“Vulnerable” under the IUCN Red List criteria B1ab(v)+2ab(v) [3]. The extinction of species like E. lanatus would not only represent a 
loss of evolutionary heritage but would also disrupt essential ecosystem services such as carbon sequestration [4], nutrient cycling, and 
soil enrichment [5], which underpins the health and productivity of different ecosystems. Conserving E. lanatus is therefore critical, not 
only for preserving biodiversity but also for sustaining the ecological integrity of the threatened habitats it occupies.

Cycads such as Cycas micronesica have been reported to enhance soil fertility [6], highlighting the ecological significance of cycad 
species within their native environments. Studies by Ndlovu et al. [7] and Motsomane et al. [8] have further demonstrated that 
bacteria associated with the rhizosphere of Encephalartos species and their extracellular enzymes play a significant role in nutrient 
cycling. These findings provide a more comprehensive understanding of cycad–bacteria associations and their functional contributions 
to ecosystem nutrient dynamics. Extracellular enzymes secreted by soil microorganisms are critical in degrading complex organic 
matter into simpler, bioavailable forms that support microbial and plant nutrient uptake [9]. These enzymes mediate essential 
biogeochemical processes involved in the cycling, mineralisation, and regulation of key nutrients such as carbon (C), nitrogen (N), and 
phosphorus (P). Enzymes such as β-d-glucosidase facilitate C cycling by breaking down cellulose into glucose [10], while β-(D)-glu
cosaminidase and asparaginase catalyse the hydrolysis of chito-oligosaccharides and the conversion of asparagine into ammonia (NH₃) 
and aspartic acid (C₄H₇NO), respectively, processes through which N is made available in the soil [11].

Cycad-associated microbial communities include both cyanobacteria and a variety of bacterial taxa [12–14] that contribute to plant 
health and productivity. Several studies have characterised microbes associated with the coralloid roots of cycads belonging to the 
genera Ceratozamia, Dioon, Lepidozamia, Macrozamia, and Cycas [5,12–14]. However, these in-depth analyses display a geographical 
bias, as the studied species are distributed in the Americas and Australasia. In contrast, African cycads, particularly those within the 
Encephalartos genus, remain significantly understudied. Furthermore, studies on the contributions of cycads to soil fertility have 
predominantly focused on Cycas species [6], leaving a significant knowledge gap concerning Encephalartos species and how their 
associated bacterial communities regulate nutrient cycling and support ecosystem functioning, particularly in the nutrient-poor 
habitats where they occur in nature.

The findings of this study will bridge the existing knowledge gap by advancing our understanding of biodiversity and ecosystem 
service enhancement. This aligns with key conservation frameworks, including the Mpumalanga Biodiversity Sector Plan (MBSP) of 
2015 [15], South Africa’s National Biodiversity Strategy and Action Plan (NBSAP) 2015–2025, and the Convention on Biological 
Diversity (CBD) Strategic Plan for Biodiversity 2011–2020 and 2030–2050 [16], particularly Targets 14 and 15 of the Aichi Biodi
versity Targets [17]. Additionally, the study will support conservation strategies for South African Encephalartos and other African 
cycads at large, particularly Encephalartos an African endemic genus and the most threatened cycad group comprising 65 species [18], 
of which 37 (over 50 %) are found exclusively in South Africa. Thus, this study aims to identify the bacterial communities associated 
with the coralloid roots of E. lanatus and those present in soils beneath and beyond its canopy, and to evaluate the species’ contribution 
to soil nutrient dynamics in a nutrient-deficient grassland ecosystem. We hypothesize that the rhizosphere soils of E. lanatus, which are 
expected to host a more diverse bacterial community, have higher enzymatic activities involved in nitrogen and carbon cycling 
compared to bulk soils, thereby contributing to higher nutrient concentrations.

Materials and methods

Sites for collecting soil samples

The study was conducted in the Botshabelo Nature Reserve in Botshabelo Cultural Village, Middelburg District in Mpumalanga 
Province (coordinates are omitted due to cycads conservation concerns). The reserve lies within the mesic highveld grassland 
bioregion, which experiences rainfall in summer. Botshabelo Cultural Village is situated in the northern region of Middelburg with an 
annual rainfall of over 700 mm. The average annual summer and winter temperatures are 27.2 ◦C and 15.5 ◦C, respectively. The 
landscape is rocky and grassy and is occupied by baboons that feed on E. lanatus cones leaving droppings and urine in the soil.

Soil sampling

Sampling was conducted as per Marler and Calonje [6] and Marler and Krishnapillai [19]. Rhizosphere soils were defined as soils 
collected directly beneath the canopy of E. lanatus, while bulk soils were collected approximately five meters away from the plant 
canopy. Rhizosphere and bulk soils were collected at four main cardinal points around 10 plants, resulting in 10 replicates for the 
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treatment (rhizosphere soils) and control (bulk soils). Rhizosphere soils were collected approximately 10 – 20 cm away from the stem 
and at points within the leaves’ canopy dripline at 0 - 10 cm and 10 - 20 cm depths, where the coralloid roots commonly occur. Bulk 
soils were collected five meters from the selected plants at the same depths. The collected soil samples were stored in sterile Ziploc bags 
and transported to the School of Life Sciences laboratory, University of KwaZulu-Natal for further analysis.

Physicochemical analysis

Twenty subsamples (500 g each) from rhizosphere and bulk soils were air-dried, pass through and 2 mm sieve, and submitted to the 
Department of Agriculture and Rural Development Analytical Services, Cedara, South Africa, for soil physicochemical property an
alyses. Chemical properties of the rhizosphere and bulk soils were determined following the procedures outlined by Manson et al. [20]. 
Total N concentration was quantified using Automated Dumas dry combustion and a LECO CNS 2000 (Leco Corporation, USA). The P 
and potassium (K) concentrations were calculated using the atomic absorption method, where 2.5 ml of the soil solution was mixed 
with 2.5 ml of ambic-2 solution at pH 8. Subsequently, the mixture was stirred using a multiple stirrer set at 400 rpm for ten minutes, 
and Whatman no 1 paper was used for filtering. The calcium (Ca) and magnesium (Mg) concentrations were measured using a similar 
procedure; however, 25 ml of 1 M KCl solution was used as a substitute for the ambic-2 solution. Soil pH was measured by mixing 10 
mL of soil with 25 mL of 1 M KCl solution and stirring at 400 rpm for 5 min using a multi-stirrer. A gel-filled combination electrode was 
used to determine the pH of the suspension during agitation.

Collection of coralloid roots

After soil collection, coralloid roots were collected from the selected plants. The coralloid roots were washed in sterile distilled 
water, disinfected with 70 % (v/v) ethanol for 30 s, and soaked in 3.5 % (v/v) sodium hypochlorite solution for 3 min. Sterilised 
coralloid roots were submerged in 15 % glycerol and stored in the fridge until further analysis.

Extraction, sequencing, and amplification of bacteria from E. lanatus rhizosphere, bulk soils, and coralloid roots

Soil serial dilutions were conducted to extract bacteria from fresh soil subsamples (rhizosphere and bulk soils), and coralloid roots 
were submerged in 15 % glycerol and squashed with sterile tips to extract the bacteria. One hundred microlitres of serial dilution were 
inoculated in sterile petri dishes containing Tricalcium phosphate (P-solubilising bacteria), Simmons citrate (N-cycling), and Jensen 
(N-fixing) media. Each selective medium dish had three replicates. Ten microlitres of the coralloid root suspension were inoculated 
into sterile petri dishes containing yeast mannitol agar and replicated three times. The petri dishes were incubated at a temperature of 
27 ◦C for 3 – 12 days. Pure bacterial colonies were obtained through subculturing.

After bacterial extraction, a Polymerase chain reaction (PCR) was used to amplify a small segment of pure bacterial colonies 
utilising the 16S rRNA gene primers: 63F (5′ CAGGCCTAACACATGCAAGTC 3′) and 1387R (5′-GGGCGGTGTGTACAAGGC 3′) as per 
protocols by [21]. EmaraldAmp GT Master Mix was used for PCR amplification under the following conditions: initial denaturation at 
94 ◦C for five minutes, followed by thirty cycles of denaturation at 94 ◦C for 30 s, 30 s of annealing at 55 ◦C, two minutes of extension at 
72 ◦C and the final elongation was performed at 72 ◦C for 10 min. Amplification products were viewed on 1 % (w/v) agarose gel 
electrophoresis conducted at 100 V for 60 min utilizing a Tris-acetate-EDTA (TAE) buffer under ultraviolet light. The amplified 
products were sent to Inqaba Biotechnical Industries (Pty) Ltd Pretoria, South Africa, for sequencing. The obtained DNA sequences 
were subjected to Nucleotide BLAST (NCBI) to find related bacteria in the GenBank database (www.ncbi.nih.gov).

Enzyme activities

Alkaline phosphatase, acid phosphatase, β-glucosidase, and N-acetylglucosaminidase activities were measured using the 
fluorescence-based technique outlined by Marler and Calonje [6]. Ten grams of soil and 100 ml of autoclaved water were placed inside 
jars wrapped with foil, homogenised in a shaker at a constant speed for 2 h, and kept overnight at 4 ◦C. Before being placed in the 
substrates, the supernatants were moved onto a black 96-well microplate. The sample run was a mixture made up of 200 μl soil aliquot 
and a 50 μl substrate that was close to the reference standards which consisted of 200 µl soil aliquot + 50 µl standard, a quench 
standard that had 200 µl soil aliquot + 50 µl standard, a sample control that had a mixture of 200 µl soil aliquot and 50 µl Buffer, a 
negative control which was a mixture of 200 µl buffer plus 50 µl standard and blanks consisting of only 250 μl buffer. After two hours of 
incubation at room temperature, 0.5 M NaOH was used to stop the reaction. The fluorescent absorbance was then quantified at 450 nm 
on a Glomax Multi Plus microplate reader. Before measuring acid phosphatase enzyme activity, the buffer and standard were adjusted 
to pH of 5.

The nitrate reductase activity was determined using a modified approach developed by Bruckner et al. [22]. An Erlenmeyer flask 
coated with foil was filled with 1 ml of 25 mM KNO3, 4 ml of 0.9 mM 2,4-dinitrophenol, 5 ml of autoclaved water, and 5 g of soil were 
added to the solution. The flask was swirled and placed in an incubator for 24 h at 30 ◦C. After incubation, 10 ml of 4 M KCl was added 
to the mixture and filtered with Whatman number 1 filter paper into a new wrapped flask. To initiate the enzymatic reaction, 2 ml of 
the infiltrate was added to NH4Cl buffer that had a pH of 8.5 and 0.8 ml of colour reagent containing 1 % of Sulfanilamide, 1 N HCl, and 
0.02 % N-(1-naphthyl) ethylenediamine dihydrochloride (NEDD). The solution was then incubated for 30 min at 30 ◦C. To measure the 
absorbance at 520 nm, an Agilent Cary 60 UV–Vis spectrophotometer was used.
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Statistical analysis

The data on soil properties and enzyme activities in the rhizosphere and bulk were subjected to an Independent sample t-test to test 
for significant differences through Statistix 10 software, and the Shapiro-Wilk test was used to determine the normality of the residual 
distribution. Non-normal data were Log10 (X + 1) and arcsine √(X ÷ 100) for % variables transformed to improve normality. The 
homogeneity of variance assumption was tested using the F-test. Principal component analysis (PCA) was used to analyse the rela
tionship between soil nutrients and the corresponding enzyme activities in both the rhizosphere and bulk soils of E. lanatus. The 
principal component analysis (PCA) was carried out utilizing RStudio software (version 3.6.0) with the assistance of the gg plot 
statistics package and the pr comp function.

Results

Soil physicochemical properties

The nutrient concentrations of the rhizosphere and bulk soils are presented in Table 1. The macro- and micro-nutrients in both soils 
occurred in varied concentrations, but the overall nutrient concentration in the rhizosphere soil (20.54±3.40; Mean ± S.E) was higher 
than in the bulk soil (17.47±3.24) and were not significantly different (p > 0.05). The magnesium (Mg) and manganese (Mn) con
centrations were significantly higher in the rhizosphere than in bulk soils (p ˂ 0.05) (Table 1).

There was a higher concentration of N in the rhizosphere compared to the bulk soils. However, the differences were not statistically 
significant (t (18) = − 0.92, p = 0.37). Similarly, the P concentrations were higher in the rhizosphere than in the bulk soils, but the 
differences did not differ significantly (t (18) = − 1.53, p = 0.14). Again, there was higher concentrations of K in the rhizosphere than 
the bulk soils, but no significant difference was found (t (18) = − 0.48, p = 0.64). The concentration of Ca was higher in the rhizosphere 
compared to bulk soils, but the differences did not differ significantly (t (18) = - 0.41, p = 0.69). There were no significant differences 
in copper (Cu) concentrations in the rhizosphere soils and bulk soils (t (18) = − 0.67, p = 0.51). The zinc (Zn) concentrations [t (18) =
0.89, p = 0.39], pH [t (18) = 1.45, p = 0.16], and clay content [t (18) = 0.89, p = 0.39] of bulk soils were higher but not significantly 
different from those of rhizosphere soils. The total cation exchange capacity [t (18) = − 0.98, p = 0.34], acid saturation [t (18) = − 0.01, 
p = 0.99], total cation concentration [t (18) = − 1.77, p = 0.10], and organic carbon content [t (18) = − 0.71, p = 0.48] of rhizosphere 
soils were higher but did not significantly different from those bulk soils.

Identification of E. lanatus microbes from coralloid roots, rhizosphere, and bulk soils

The molecular identification of bacteria isolated from the coralloid roots is presented in Table 2. Five bacterial strains belonging to 
the families Pseudomonadaceae, Thermomonosporaceae, Burkholderiaceae, and Bacillaceae were isolated from the coralloid roots of 
E. lanatus.

Rhizosphere soils had 16 bacterial strains belonging to the families Burkholderiaceae (seven isolates), Rhizobiaceae (four isolates), 
Sphingobacteriaceae, Oxalobacteriaceae, and Enterobacteriaceae, with two isolates each (Table 3). The isolates in Rhizobiaceae had 
N2-fixing traits, Oxalobacteriaceae isolates had P-solubilising traits, and Burkholderiaceae and Enterobacteriaceae isolates consisted of 
a diversity of N2-fixing and P-solubilising traits (Table 3). A total of 14 bacterial strains isolated from bulk soils belonged to the 
Burkholderiaceae (six isolates), Rhizobiaceae (three isolates), Bacillaceae (two isolates), and Paenibacillaceae and Pseudomonadaceae 
(one isolate each) families (Table 4). The Rhizobiaceae family had N2-fixing traits, while those in the family Bacillaceae, 

Table 1 
Soil nutrient concentration and relative acidity of Encephalartos lanatus rhizosphere and bulk soils in Botshabelo Cultural Village in Middleburg, 
Mpumalanga, South Africa.

Soil characteristics Rhizosphere soils (n = 10) Bulk soils (n = 10)

Macro-nutrients (mg.kg− 1) Primary nutrients ​ ​
​ Nitrogen 156.68±27.80a 124.88±20.58 a

​ Phosphorus 13.81±2.94 a 8.92±2.29 a

​ Potassium 1.13±0.01 a 1.12± 0.01a

​ Secondary nutrients ​ ​
​ Calcium 0.66±0.14 a 0.51±0.11 a

​ Magnesium 1.29±0.12a 1.08±0.02b

Micro-nutrients (mg.kg− 1) Manganese 16.96±5.19a 10.58±1.94b

​ Copper 1.15±0.23 a 0.89±0.19 a

​ Zinc 0.86±0.13 a 0.89±0.18 a

Soil relative acidity pH (KCL) 3.84±0.03 a 3.92±0.05 a

​ Acid saturation (%) 65.10±4.68 a 65.00±6.86 a

​ Total cation exchange (cmol/kg) 3.09±0.31 a 2.42±0.22 a

​ Exchangeable acidity (cmol/kg) 1.98±0.24 a 1.62±0.27 a

Other properties Clay (%) 23.50±1.53 a 25.50±1.65 a

​ Organic Carbon (%) 3.52±0.33 a 3.21±0.28 a

Values represent mean ± SE, n = 10, different letters indicate significant differences in soil physicochemical properties (Two sample t-test, P ≤ 0.05).
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Paenibacillaceae, and Pseudomonodaceae had P-solubilising traits. Based on Simpson’s Diversity Index, it was observed that rhizo
sphere soils displayed greater (D = 0.98) species diversity in comparison to bulk soils (D = 0.37).

Soil extracellular enzyme activities

The extracellular enzyme activities of the rhizosphere and bulk soils are represented in Table 5. Acid phosphatase activity was 
significantly higher (p ˂ 0.05) in the rhizosphere compared to bulk soils. Similarly, nitrate reductase exhibited higher enzymatic 
activity in the rhizosphere compared to the bulk soils (p ˂  0.05). In contrast, β-glucosidase activity was significantly higher (p ˂  0.05) 

Table 2 
Molecular identification of the isolated bacteria in Encephalartos lanatus coralloid roots.

Family Scientific name Accession number Similarity (%) Function(s)

Pseudomonadaceae Pseudomonas putida OK037572.1 99.21 P-solubilizing
Thermomonosporaceae Actinoallomurus sp. KX533973.1 99.15 ​
Burkholderiaceae Burkholderia sp. MK559018.1 99.82 N-fixing
​ Paraburkholderia sp. MG182888.1 99.40 P-solubilizing
Bacillaceae Bacillus licheniformis MK418575.1 84.08 P-solubilizing
​ ​ ​ ​ N-fixing

Table 3 
Molecular identification of the isolated bacteria in Encephalartos lanatus rhizosphere soils.

Family Scientific name Accession number Similarity (%) Function(s)

Rhizobiaceae Rhizobium miluonense MH236279.1 99.90 N-fixing
​ Rhizobium tropici MT539147.1 99.12 N-fixing
​ Rhizobium miluonense MT409530.1 97.43 N-fixing
​ Agrobacterium rhizogenes MN712240.1 96.28 Induce hairy root system
Sphingobacteriaceae Mucilaginibacter gossypiicola NR_116,406.1 94.48 ​
Oxalobacteriaceae Massilia phosphatilytica MK519185.1 98.61 P-solubilizing
​ Massilia sp. MH031738.1 96.46 P-solubilizing
Enterobacteriaceae Pantoea agglomerans MN758864.1 96.79 P-solubilizing
​ ​ ​ ​ N-fixing
​ Enterobacter cloacae KY660471.1 94.88 N-fixing
​ ​ ​ ​ P-solubilizing
Burkholderiaceae Burkholderia cenocepacia OR098458.1 97.80 P-solubilizing
​ Caballeronia concitans NR_145,603.1 97.51 N-fixing
​ Paraburkholderia sp. MZ031499.1 95.25 N-fixing
​ ​ ​ ​ P-solubilizing
​ Burkholderia cepacia MN691351.1 97.92 N-fixing
​ ​ ​ ​ P-solubilizing
​ Paraburkholderia sabiae MK139731.1 98.12 N-fixing
​ Paraburkholderia fungorum CP099647.1 99.34 N-fixing
​ ​ ​ ​ P-solubilizing
​ Paraburkholderia lacunae NR_165,707.1 99.40 N-fixing

Table 4 
Molecular identification of the isolated bacteria in Encephalartos lanatus bulk soils.

Family Scientific name Accession number Similarity (%) Function(s)

Rhizobiaceae Rhizobium tropici MT539147.1 99.65 N-fixing
​ Rhizobium nepotum MT533807.1 99.14 N-fixing
​ Rhizobium sp. MT269297.1 98.95 N-fixing
Acidobacteriaceae Terriglobus sp. KX555420.1 85.61 ​
Bacillaceae Bacillus licheniformis ON954648.1 99.67 P-solubilizing
​ ​ ​ ​ N-fixing
​ Bacillus velezensis MH040972.1 98.15 P-solubilizing
​ ​ ​ ​ N-fixing
Paenibacillaceae Paenibacillus sp. KY229692.1 94.09 P-solubilizing
​ ​ ​ ​ N-fixing
Pseudomonadaceae Pseudomonas koreensis MT409540.1 96.81 P-solubilizing
Burkholderiaceae Paraburkholderia sp. MT269305.1 99.66 P-solubilizing
​ Paraburkholderia sp. OM144561.1 97.67 P-solubilizing
​ Paraburkholderia bengalensis MT912698.2 97.51 N-fixing
​ Trinickia sp. LC661717.1 99.83 P-solubilizing
​ Paraburkholderia atlantica MK690530.1 96.31 N-fixing
​ Burkholderia sp. MK704288.1 97.39 N-fixing
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in the bulk soils than in the rhizosphere. There were no significant differences observed in alkaline phosphatase [t (98) = − 0.09, p =
0.92] and β-(D)-glucosaminidase [t (98) = − 0. 05, p = 0.96] activities in rhizosphere and bulk soils.

Relationships between soil characteristics and enzyme activities of the rhizosphere and bulk soils

Relationships between soil characteristics and enzyme activities of the rhizosphere and bulk soils are presented in Fig. 1. Both PCA1 
and PCA2 accounted for 45.2 % and 17.6 % of the overall variation respectively. The clusters revealed that the soil characteristics and 
enzymes were comparable in both the rhizosphere and the bulk soils. A negative correlation was observed between the soil P con
centrations and the activity of acid and alkaline phosphatases. The enzymes nitrate reductase and β-d-glucosaminidase revealed a 
negative relationship with soil N concentration. The nitrate reductase was positively correlated with pH. Acid phosphatase was 
positively correlated with β-glucosidase. The N and P concentrations were positively correlated with organic carbon and total cation 
exchange.

Discussion

The results of this study provide compelling evidence that the rhizosphere soils of E. lanatus support a more diverse and functionally 
active bacterial community compared to bulk soils, which aligns with the hypothesis that higher bacterial diversity induces greater 
enzymatic activity related to C, P, and N cycling. This bacterial-driven nutrient cycling is particularly critical for E. lanatus, a cycad 

Table 5 
Soil enzyme activities of Encephalartos lanatus rhizosphere and bulk soils.

Enzyme Activity Rhizosphere Bulk soils

Acid phosphatase (nmolh− 1 g− 1) 0.49±0.03a 0.40±0.04 b

Alkaline phosphatase (nmolh− 1 g− 1) 0.52±0.03 a 0.46±0.04 a

Nitrate reductase (µmolh− 1 g− 1) 3.61±0.08 a 3.32±0.20 b

N-acetyl-β-d-glucosaminidase (nmolh− 1 g− 1) 0.44±0.03 a 0.43±0.03 a

β-glucosidase (nmolh− 1 g− 1) 0.49±0.03 a 0.51±0.03 b

Values represent Mean ± SE, n = 10, different letters indicate significant differences in soil enzyme activities (Two 
sample t-test, P ≤ 0.05).

Fig. 1. Relationship between the soil traits and extracellular enzyme activities of Encephalartos lanatus rhizosphere and bulk soils. The following is a 
representation of soil attributes: A = nitrate reductase, B = nitrogen concentration, C = phosphorus concentration, D = organic carbon, E =
exchangeable acidity, F = total cation exchange, G = pH, H = acid saturation, I = acid phosphatase, J = alkaline phosphatase, K = β-Glucosidase, L 
= N-acetyl-β-d-Glucosaminidase. Principal component analysis (PCA).
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species that thrives in arid, nutrient-poor environments. The ability of E. lanatus to persist in such harsh conditions is likely facilitated 
by the synergistic relationships between its coralloid roots and the rhizosphere microbial communities, which enhance nutrient 
availability and support plant growth. The higher nutrient concentrations in rhizosphere soils compared to bulk soils therefore confirm 
that E. lanatus improves soil nutrient status where it occurs, a phenomenon that has been observed in E. natalensis [7], E. villosus [8], 
and Cycas micronesica [6,23].

Although the differences in most soil chemical properties were not statistically significant, the trends observed are consistent with 
previous studies demonstrating that rhizosphere soils are enriched in soil nutrients due to root-microbe interactions, as seen in other 
cycads [5]. This enrichment is significant in arid and nutrient-poor soils, where E. lanatus must rely on efficient nutrient acquisition 
strategies to survive. The higher organic C content, N, P, and K in the rhizosphere soils further supports the idea that bacterial activity 
contributes to nutrient accumulation and availability, which maintains soil fertility and promotes plant growth and development in 
harsh environments [23,24]. Among all the minerals, Mg and Mn concentrations in rhizosphere soils were significantly higher than in 
bulk soils (Table 1). Higher levels of Mg and Mn concentration recorded in E. natalensis, and E. villosus rhizosphere soils did not differ 
significantly from those of bulk soils [7,8]. High levels of Mg and Mn in the soil in this study can be attributed to plant root exudates 
and mineral weathering processes in the soil [25]. They are critical nutrients that support key physiological and biochemical processes 
in plants, particularly photosynthesis and enzyme function [26]. Soil microbes play a key role in soil nutrient cycling and minerali
zation processes, which enhances soil nutrient inputs, supports soil structure, and plant growth in the ecosystem. The higher microbial 
diversity in the rhizosphere, as indicated by the Simpson’s Diversity Index (D = 0.98 for rhizosphere vs. D = 0.37 for bulk), suggests a 
more complex and functionally diverse microbial community. This diversity likely contributes to the observed differences in enzymatic 
activities, as microbial communities with higher diversity are often associated with greater functional redundancy and efficiency in 
nutrient cycling [27]. In the context of E. lanatus, this functional diversity is particularly advantageous in arid environments, where 
fluctuating conditions require resilient and adaptable microbial communities to maintain nutrient cycling processes, particularly N 
and P [7].

The most abundant group of microorganisms found in soils is bacteria which in this study is dominated by the genera Bacillus, 
Burkholderia, Enterobacter, Paraburkholderia, Paenibacillus, Pseudomonas and Rhizobium (Tables 2–4). The bacteria are involved in P- 
solubilisation and N-fixation, therefore making P and N available for plant growth. It has further been highlighted that soil nutrient 
availability may influence the plant-microbe symbiosis interactions. Hence, the bacterial community analysis in this study revealed a 
high abundance of P-solubilizing bacteria in the E. lanatus coralloid roots (Table 2), and a high diversity of N2-fixing and P-solubilising 
bacteria in the rhizosphere and bulk soils. Specifically, the rhizosphere hosted 37.5 % of strictly N2-fixing bacteria, 19 % of strictly P- 
solubilising bacteria, and 31 % of both N2-fixing and P-solubilising bacteria (Table 3). The bulk soil hosted ~43 % of strictly N2-fixing 
bacteria, 29 % strictly P-solubilising and 21 % of both N2-fixing and P-solubilising (Table 4). Generally, precipitation and adsorption of 
P in acidic soil leads to low availability of P to plants. High abundance and diversity of P-solubilising bacteria in E. lanatus coralloid 
roots, rhizosphere and bulk soil may have been driven by limited P concentration in the soil (Table 1). The identification of Bacillus, 
Burkholderia, Enterobacter, Paraburkholderia, Paenibacillus, Pseudomonas and Rhizobium species in the coralloid roots, rhizosphere and 
bulk soils (Tables 2–4) known for their roles in P solubilisation, highlights the importance of these microbes in overcoming N and P 
limitations in E. lanatus nutrient-poor soils [20,22,28]. Bacteria of the genera Achromobacter, Bacillus, Enterobacter can solubilise Mn 
through the process of bioreduction [29] while Caballeronia can aid in weathering and mineralization of Mg [30]. The significantly 
higher concentrations of Mg and Mn in the rhizosphere may be due to the presence of specific microbes in the E. lanatus rhizosphere 
that mineralize and cycle these two key plant nutrients.

The presence of N-cycling bacteria, such as Paraburkholderia and Burkholderia species, further underscores the importance of 
microbial activity in N transformation processes, which are essential for sustaining plant growth in N-poor soils [27]. These microbes 
enhance nutrient cycling, growth and development of plants in nutrient-poor soils, and the functioning of the soil ecosystem [31]. The 
ability of E. lanatus to thrive in arid nutrient-poor soils can thus be attributed, at least in part, to the robust microbial communities in its 
rhizosphere. These microbes enhance nutrient availability through processes such as N fixation, P solubilization, and organic matter 
decomposition, which are critical for plant survival in resource-limited environments. Furthermore, the higher microbial diversity in 
the rhizosphere likely provides functional stability, enabling E. lanatus to withstand environmental stresses and maintain nutrient 
cycling even under adverse conditions.

Soil extracellular enzymes secreted by soil microorganisms are key bioindicators of soil microflora metabolism that can be used to 
assess the soil nutrient and productivity status; as they contribute to conservation, mineralisation and recycling of vital nutrients such 
as N, P, and C in soil, thus making nutrients available for uptake by plants [32]. Alkaline phosphatase, acid phosphatase, β-glucosidase, 
and N-acetylglucosaminidase are therefore crucial enzymes in studies of E. lanatus due to their roles in nutrient cycling and soil health. 
Studies show that the alkaline and acid phosphatases mineralize and recycle P in the soil, while β-glucosidase and N-acetylglucosa
minidase are involved in organic matter decomposition, recycling C and N, which are vital for soil fertility and plant growth and 
nutrition [32]. Monitoring of these enzymes helps assess the ecological health and nutrient dynamics in Encephalartos plants. The 
increased activities of acid phosphatase, alkaline phosphatase, nitrate reductase, and β-(D)-glucosaminidase in rhizosphere soils 
suggest that microbial communities in these soils play a crucial role in nutrient mobilization and organic matter decomposition [33].

The high acid phosphatase and nitrate reductase activities in the rhizosphere soils further emphasize the role of microbial activity 
in facilitating P and N mineralisation [7]. The positive correlation between acid phosphatase and β-glucosidase suggests a synergistic 
relationship between phosphorus and carbon cycling, which could be influenced by root exudates stimulating microbial activity [34,
35]. This finding is consistent with the study of Ndabankulu et al. [27] in which rhizosphere soils exhibited enhanced enzymatic 
activities due to root exudates and stimulated microbial communities involved in nutrient cycling. A study by Magadlela et al. [32] 
showed increased acid, and alkaline phosphatases activities in P-limited and acidic soils. The increased acid phosphatase activity in the 

M. Sigasa et al.                                                                                                                                                                                                         Scientiϧc African 29 (2025) e02879 

7 



E. lanatus rhizosphere soil may therefore indicate a greater demand for P in the P-limited and acidic soil. In contrast, the higher activity 
of β-glucosidase in bulk soils may indicate a microbial strategy favoring cellulose degradation in nutrient-limited environments [36]. 
These results are supported by previous studies which highlighted the rhizosphere as a hotspot for biochemical processes that support 
plant nutrition, especially in nutrient-deficient soils [22]. The elevated phosphatase activities observed suggest that the rhizosphere 
plays a pivotal role in enhancing P availability, which is critical for plant growth and development in ecosystems where P is a limiting 
factor, as it has been previously seen in other ecosystems [37].

N-acetyl-β-d-glucosaminidase (NAGase) is an important enzyme involved in the degradation of chitin, contributing to the cycling of 
nitrogen (N) and carbon (C) [7,38] in soils. The study revealed that NAGase levels were higher in the rhizosphere than in bulk soils, 
although this difference was not statistically significant (once again, most likely due to the disruptions induced in soil by grassland 
fires). This trend suggests that the rhizosphere may enhance NAGase activity due to root exudates and the associated microbial 
communities, which are known to thrive in the rhizosphere and contribute to organic matter decomposition and nutrient cycling [36]. 
Despite the lack of statistical significance, the observed increase in NAGase activity in the rhizosphere is in support of previous study of 
Ndanbakulu et al. [27] which also highlighted the rhizosphere as a hotspot for enzymatic activity.

The PCA results, which accounted for 62.8 % of the variation in soil characteristics and enzyme activities, reinforce the notion that 
enzymatic processes in both rhizosphere and bulk soils are shaped by soil’s physicochemical properties. The negative correlation 
between P concentration and both acid and alkaline phosphatase activity suggests a feedback mechanism whereby microbial phos
phatase production decreases in response to sufficient P availability [27,35,39]. Similarly, the inverse relationship between nitrate 
reductase and N concentration implies that microbial nitrate reductase activity is upregulated under N-limiting conditions to facilitate 
N assimilation [37].

Furthermore, the observed positive correlation between nitrate reductase activity and soil pH highlights the influence of soil acidity 
on N cycling processes [40]. Given that pH modulates microbial community composition and enzyme stability, it is likely that nitrate 
reductase-producing microbes thrive better under less acidic conditions [35]. The strong positive correlation between N, P, organic C, 
and total cation exchange capacity suggests that these factors collectively shape soil microbial communities and enzymatic activity, 
thereby influencing nutrient bioavailability and ecosystem functioning [35].

Conclusion

The findings of this study demonstrate that the rhizosphere of E. lanatus harbors a more diverse and functionally active microbial 
community compared to bulk soils. This microbial diversity drives enhanced enzymatic activities related to C and N cycling, sup
porting plant growth and nutrient acquisition in arid and nutrient-poor environments. The symbiotic relationships between E. lanatus 
and its associated microbes highlight the importance of microbial communities in the adaptation and survival of this species in harsh 
conditions. Future studies should explore the specific microbial taxa responsible for these enzymatic activities and their functional 
redundancy under varying environmental conditions, as well as the mechanisms by which these microbial communities influence 
nutrient dynamics and their potential applications in the conservation and restoration of E. lanatus habitats, particularly in the face of 
climate change and habitat degradation.
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