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is that they can establish symbiotic associations with soil 
microorganisms, particularly mycorrhizal fungi. In fact, 
they are the only gymnosperms with a symbiotic associa-
tion with nitrogen fixing bacteria (Grobbelaar et al. 1986; 
Zheng et al. 2002). Earlier studies have reported that cycads 
are predominantly associated with the Nostoc genus (Caiola 
1980; Grobbelaar et al. 1986). However, other studies have 
reported associations between cycads and species belong-
ing to the Rhizobium, Bradyrhizobium, Lysinibacillus, Pae-
nibacillus, Bacillus, Beijerinckia and Burkholderia genera 
(Barea et al. 2005; Gutiérrez-García et al. 2019; Ndlovu et 
al. 2023). Gutiѐrrez-García et al. (2019) and Ndlovu et al. 
(2023) highlighted that the reliance of cycads on nitrogen 
derived from the atmosphere is attributed to the presence 
of nitrogen fixing bacteria belonging to the Lysinibacillus, 
Paenibacillus, Brevibacterium, Stenotrophomonas, Rhizo-
bium, and Enterobacter genera in the coralloid roots.

1  Introduction

Cycads are ancient gymnosperms with a lineage dating 
back over 250  million years; they hold paramount evolu-
tionary significance as living fossils (Giddy 1984; Costa 
et al. 1999). One of the most intriguing features of cycads 
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Abstract
Cycads are ancient plants that establish symbiotic associations with plant growth-promoting (PGP) microbes. These 
ancient associations are rarely contrasted with more recent associations involving PGP microbes and legumes. This study 
investigated if Vigna unguiculata growing in Encephalartos villosus rhizosphere and non-rhizosphere soils shares similar 
symbionts with E. villosus and if there is any sanction by plants towards certain soil bacteria. Also, the biomass accumu-
lation and plant nutrition of V. unguiculata growing in these soils was investigated. Vigna unguiculata seeds were grown 
in E. villosus rhizosphere and non-rhizosphere soils. Thereafter, growth characteristics and plant nutrition were analyzed. 
Vigna unguiculata plants grown in E. villosus rhizosphere and non-rhizosphere soils were nodulated by Paenibacil-
lus, Bacillus, Peribacillus, Brevibacillus, Alkalihalobacillus, and Lysinibacillus species identified in E. villosus coralloid 
roots. Bacteria isolated from nodules and coralloid roots were phylogenetically close, regardless of the soil from which 
these bacteria came. That supports the filter theory by which specific environmental conditions select certain microbial 
groups to establish symbiotic interactions with plants. No significant differences were observed in the total plant biomass, 
however, V. unguiculata plants grown in rhizosphere and non-rhizosphere soils invested significantly more resources 
in belowground biomass that could be related to the extra nitrogen coming from the biological nitrogen fixation that is 
devoted to roots. This study shows that V. unguiculata and E. villosus growing in similar soil conditions may share the 
same symbionts promoting plant nutrient assimilation and growth, this opens an idea of a common evolution of the two 
species and their symbionts.
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These microbes have been reported to be associated with 
cycad species Dioon edule (Gutiѐrrez-García et al. 2019) 
and Encephalartos natalensis (Ndlovu et al. 2023). Sithole 
et al. (2019) and Makaure et al. (2022) reported that simi-
lar microbes were associated with Vigna unguiculata grow-
ing in nutrient-poor ecosystems. These microbes promote 
plant growth and development through the production of 
indole-3-acetic acid (IAA), auxin, and siderophores and 
play a role in nitrogen fixation and phosphorus solubilisa-
tion (Weselowski et al. 2016; Passera et al. 2021). Accord-
ing to Vessey et al. (2005), the survival of cycads through 
extinction events and harsh environments is attributed to 
cycad-microbe symbiosis. Although cycad-microbe sym-
biosis sheds light on ancient symbiotic associations, these 
associations are rarely contrasted with more recent associa-
tions, such as those involving legumes. In fact, both legumes 
and cycads have independently evolved to form mutualistic 
partnerships with nitrogen fixing microorganisms, such as 
rhizobia in legumes and cyanobacteria in cycads (Franche 
et al. 2009).

Through convergent evolution, these distinct plant lin-
eages have developed similar strategies to enhance their 
nitrogen acquisition from the atmosphere, thereby adapt-
ing to nutrient-deficient environments (Werner et al. 2014). 
As cycads and legumes diversified over millions of years, 
their symbiotic partners, the nitrogen fixing microorgan-
isms, have also undergone significant evolutionary changes 
(Ulrike, 2022). This parallel evolution between the plants 
and their microbial partners is a striking example of how co-
evolutionary processes have shaped the intricate relation-
ships between organisms, ensuring their ecological success 
and contributing to the overall stability and sustainability of 
ecosystems (Hassani et al. 2018). It is well established that 
environmental conditions play a critical role in determining 
the type and abundance of symbionts that can successfully 
establish a partnership with legumes and cycads (Duchicela 
et al. 2020; Wilkinson et al. 2023). Factors such as soil pH, 
nutrient availability, and temperature can selectively pro-
mote the growth of certain microorganisms while inhibiting 
others, according to the filter theory.

For example, legumes and cycads thriving in nitrogen 
deficient soils are highly dependent on nitrogen fixing bac-
teria like Rhizobia and Frankia, respectively, to convert 
atmospheric nitrogen into a usable form (Berendsen et al. 
2012). Consequently, only those microbial species adapted 
to these specific conditions can pass through the filter and 
establish a symbiotic relationship. This could explain dif-
ferences in the biogeography of plant species. Should this 
be the case, one would expect plant species associating 
with mutualists to colonize different ecosystems similarly 
to plant species not associated with these partners, as their 
colonization would not be limited by this biotic interaction 

(Delavaux et al. 2022). Though recent work has identified 
that plant-associated microbes can be dispersal-limited, 
which would impact the distribution of their plant hosts, it 
remains unclear whether phylogenetically different plants 
growing in the same environment could share bacterial 
symbionts. Therefore, studying the growth physiology of V. 
unguiculata in E. villosus rhizosphere and non-rhizosphere 
soils will contribute information on the host specificity in 
cycads and legumes growing in soils with similar charac-
teristics and the contribution of microbes on V. unguiculata 
growth and plant nutrition.

This study investigates legume microbe symbiosis, bio-
mass accumulation, and plant nutrition in V. unguiculata 
growing in E. villosus rhizosphere and non-rhizosphere 
soils. Encephalartos villosus populations in the Eastern 
Cape are threatened as they are being cleared for crop cul-
tivation. In the study area, OceanView, locals who clear the 
land for cultivation do not clear cycads. So, the crops are 
planted with cycads in the field, a practice similar to agro-
forestry and practiced in Latin America (Bonta et al. 2019), 
suggesting that these crops benefit from the cycads, but it 
requires investigation. We hypothesize that plant survival 
under limited soil fertility is mediated by shared symbionts 
in different phylogenetic groups. The presence of symbionts 
would translate into more resources devoted to plant organs 
that guarantee plant nutrient acquisition.

2  Materials and methods

2.1  Soil collection and soil characteristics

Encephalartos villosus rhizosphere and non-rhizosphere 
soils were collected from a population of 500 E. villosus 
plants growing in a disturbed woodlands ecosystem with 
invasive Lantana camara L. plants at OceanView, Eastern 
Cape. Target soils were collected 50 cm from the stem and 
at the leaf canopy drip line of randomly selected E. villosus 
adult plants. Bulk soils were collected from non-target sites 
five meters from the base of each target plant as control. The 
rhizosphere and non-rhizosphere soils are relatively acidic, 
with pH of 5.4 and 5.0, respectively (Table S1) and did not 
vary significantly in the phosphorus and nitrogen concentra-
tions (Table S1).

2.2  Seed germination and growth conditions

This study used two treatments (rhizosphere and non-rhi-
zosphere soils randomly collected from the 500 E. villosus 
population) with a minimum of 50 replicates in each treat-
ment. Vigna unguiculata seedlings were planted at 1–2 cm 
depth in 18 cm diameter pots under greenhouse conditions 
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(day temperatures 28–34˚C, night temperatures 13–16˚C). 
The plants were irrigated twice a day with an automated 
irrigation system and harvested 45 days after seedling emer-
gence, with the initial harvest being 32 days after seedling 
emergence.

2.3  Plant nutrient analysis

Plants from each treatment were separated into shoots, roots, 
and nodules (used for bacterial extraction). The shoots, and 
roots were oven-dried at 80˚C for five days, the dry weights 
were recorded, and the root-to-shoot ratio was calculated. 
The dried plant material was ground into a fine powder 
and sent for carbon, nitrogen, and phosphorus concentra-
tion analysis using Inductively Coupled Mass Spectrometry 
(ICP-MS) at the Central Analytical Facilities (CAF), Stel-
lenbosch University, South Africa.

2.4  Bacterial extraction and identification

Although fungi are important symbionts associated with 
phosphorus acquisition in plants, for the current first 
approach, we only concentrated on nitrogen fixing bacteria 
for the easiness of interpretation of results.

The previously collected nodules were rinsed with dis-
tilled water and surface sterilised with 70% (v/v) ethanol for 
30 seconds and 3.5% (v/v) sodium hypochlorite for 3 min-
utes. After sterilization, the nodules were crushed in sterile 
Eppendorf tubes containing 15% glycerol. The nodule solu-
tion was streaked onto sterile Petri dishes containing yeast 
mannitol agar (YMA) and incubated at 30˚C. Pure colonies 
were obtained through repeated streaking. Pure bacterial 
colonies were amplified through polymerase chain reaction 
(PCR) using 16S primers 63F (5’- CAGGCCTAACACAT-
GCAAGTC − 3’) and 1387R (5’- GGGCGGTGTGTA-
CAA − 3’). The PCR amplification was performed using an 
EmaraldAmp GT Master Mix (Takara Bio Inc, supplied by 
Separations, South Africa) with the following conditions: 
Initial denaturation at 94˚C (5 min), followed by 30 cycles 
of denaturation at 94˚C (30 s), annealing at 55˚C (30 s), and 
extension at 72˚C (2 min), with additional extension at 72˚C 
(10 min). The PCR products were separated by electropho-
resis on 1% (w/v) agarose gel and visualized under UV light 
to determine amplification of the correct product size and 
sent for sequencing (Inqaba Biotechnical Industries (Pty) 
Ltd, South Africa). The DNA sequences were compared 
to the nucleotide sequences of some known bacteria in the 
GenBank database of the National Centre for Biotechnol-
ogy Information (NCBI) by using the Local Basic Aligned 
Search Tool (BLAST) (https://www.ncbi.nlm.nih.gov).

A phylogenetic approach was used to determine the 
evolutionary relationship between bacterial nucleotide 

sequences. The nucleotide alignment was done using the 
MUSCLE tool in MEGA 11 and checked manually before 
constructing the phylogenetic tree using the neighbour-join-
ing likelihood tree approach. Also, a bootstrap resampling 
was performed with 1000 replicates in accordance with the 
procedure by Tamura et al. (2021).

2.5  Authentication and symbiotic nitrogen fixation

The isolates were authenticated as root nodulating bacteria 
by re-inoculating 1 mL of three-day-old pure YEM broth 
culture of the isolate on the host plant grown in a controlled 
environment in slope YMA in sterile jars with four replicates 
per strain. Jars were covered with parafilm and maintained 
in an incubation chamber at 27ºC in a day-night regime of 
14 − 10 h. A negative control was sat with no inoculation. 
The isolates were also compared with the rhizobia strain 
from our collection (accession number AF461191) that has 
been proven for positive nodulation of Ornithopus compres-
sus L. as reference strains (Pérez-Fernández et al. 2015). 
After 35 days, roots were visually analysed for the presence 
of root nodules.

2.6  Growth calculations

2.6.1  Specific nitrogen/phosphorus absorption and 
utilization rate

The Specific nitrogen/phosphorus absorption rate (SN/PAR) 
and Specific nitrogen/phosphorus utilization rate (SN/PUR) 
was determined using the following equations:

SNAR = (N2 − N1 / t2 − t1) ∗ [ (loge R2 − logeR1) / (R2− R1)

SPAR = (P2 − P1 / t2 − t1) ∗ [ (loge R2 − loge R1) / (R2 − R1)

SNUR = (W2 − W1 / t2 − t1) ∗ [ (loge N2 − loge N1) / (N2 −N1)

SPUR= (W2 − W1 / t2 − t1) ∗ [ (loge P2 − logeP1) / (P2 − P1)

Noteworthy, N and P represent the total nitrogen and phos-
phorus content in the plant, t is the time it took for the 
plant to grow, and R is the root dry weight, as described by 
Nielsen et al. (2001).

2.6.2  Relative growth rate

The relative growth rate was calculated using an equation 
derived from Ågren and Franklin (2003). The W represents 
the dry weights, and t is the time it took for the plant to 
grow.
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brevis, which appears independently on the tree. Three out 
of six bacteria isolated from coralloid roots are included in 
this second group. Despite this, six of the 42 total bacteria 
do not fit into any specific cluster, though five show close 
proximity to each other.

3.2  Plant biomass and nutrition

Plants grown in rhizosphere soils had higher plant biomass 
than plants grown in non-rhizosphere soils (Table 2). The 
belowground biomass of plants grown in rhizosphere soils 
was significantly higher than plants grown in non-rhizo-
sphere soils (Table 2). However, the root-to-shoot ratio was 
significantly higher for plants grown in non-rhizosphere 
soils (Table 2). Although the difference was insignificant, V. 
unguiculata plants grown in rhizosphere soils had a higher 
relative growth rate (Table 2). Similarly, the total phospho-
rus concentration of plants in rhizosphere soils was higher 
than that of plants in the surrounding soil, but the difference 
was insignificant (Table 2). Plants in rhizosphere soils had a 
significantly higher total nitrogen concentration than plants 
in non-rhizosphere soils (Table 2). The SNAR, SNUR, and 
SPUR were significantly higher in plants grown in rhizo-
sphere soils.

4  Discussion

Vigna unguiculata plants grown in E. villosus rhizosphere 
and non-rhizosphere soils were nodulated by bacterial spe-
cies belonging to the Paenibacillus, Bacillus, Brevibacil-
lus, Lysinibacillus, Alkalihalobacillus, and Bacillus genera. 
Some of these bacterial species are similar to those asso-
ciated with E. villosus plants growing in OceanView soils. 
The different bacterial clusters in the phylogenetic tree indi-
cate a pattern of plant sanction as observed before (Simon-
sen et al. 2017). It is clear that bacteria that do not form 
symbiotic associations for nitrogen fixation show more evo-
lutionary resemblance to each other than to nitrogen-fixing 
bacteria. In contrast, the majority of nitrogen-fixing bacteria 
either in nodules or within the roots of legumes and cycads 
form a distinct cluster, suggesting a closer evolutionary rela-
tionship among them. This pattern supports the filter theory, 
suggesting that specific environmental conditions select 
certain microbial groups to establish symbiotic interactions 
with plants (Duchicela et al. 2020; Devalaux et al. 2022). 
The filter theory proposes that environmental factors play a 
critical role in determining the composition and structure of 
microbial communities associated with plants.

Similarly, the observed interactions between cycads and 
their symbionts can be interpreted in the context of the 
hologenome theory of evolution. The hologenome theory 

RGR = [(ln W2 − ln W1) / t2 − t1]

2.7  Statistical analysis

The statistical software/program R (version 3.6.2) was used 
to compare the means of all V. unguiculata variables in E. 
villosus rhizosphere and non-rhizosphere soils using inde-
pendent samples T-test. The Wilcoxon test, a non-paramet-
ric alternative, was used in cases where the assumptions of 
normality and homogeneity of variances were not met. A 
probability of p ≤ 0.05 was considered significant.

3  Results

3.1  Bacterial identification

Sequence comparison of 16  S ribosomal RNA partial 
sequences revealed the presence of multiple bacterial spe-
cies in V. unguiculata plants growing in rhizosphere and 
non-rhizosphere soils as well as in the nodules (Fig. 1). A 
total of 42 strains were identified with the greatest bacte-
rial richness observed in the rhizosphere soil (RS) with a 
maximum of 16 strains in the 14 genera, Lysobacter, Xan-
thomonas, Paraburkholderia, Variovorax, Hymenobacter, 
Pseudomonas, Neobacillus, Cupriavidus, Chitinophaga, 
Dyella, Paenarthrobacter, Paenibacillus, Bradyrhizobium 
and Stenotrophomonas. This richness was followed by the 
non-rhizosphere soil (NRS) with 10 different strains in nine 
genera, Stenotrophomonas, Cupriavidus, Burkholderia, 
Ensifer, Caulobacter, Rhizobium, Pseudomonas, Variovorax 
and Paraburkholderia. Six strains were identified from the 
coralloid roots (CR) in four genera, Lysinibacillus, Bacillus, 
Enterobacter and Paenibacillus. Five strains were identified 
in nodules from either rhizosphere soil (NoRS) or non-rhi-
zosphere soil (NoNRS). The culturable strains isolated from 
the nodules of V. unguiculata growing in rhizosphere and 
non-rhizosphere soils belonged to the Paenibacillus, Bacil-
lus, Lysinibacillus, Brevibacillus, Alkalihalobacillus and 
Peribacillus genera (Table 1). None of the identified strains 
were shared by nodules originating from either rhizospheric 
or non-rhizospheric soil.

The phylogenetic tree reveals three primary clusters 
of bacteria. In the first cluster, bacteria isolated from rhi-
zosphere soil are predominantly grouped with those from 
non-rhizosphere soil. Interestingly, this group shares com-
mon characteristics with the third cluster, which comprises 
mainly bacteria obtained from non-rhizosphere and rhi-
zosphere soil. The second cluster consists of all bacteria 
extracted from nodules in non-rhizosphere soil and those 
originating from rhizosphere soil, except for Brevibacillus 
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Fig. 1  Phylogenetic tree of the 16 S rRNA gene from 42 isolates from 
rhizosphere soil (RS), non-rhizosphere soil (NRS) and coralloid roots 
(CR) of Encephalartos villosus growing in OceanView, Eastern Cape 

and nodules from plants of Vigna unguiculata grown in Encephalartos 
villosus rhizosphere (NoRS) and non-rhizosphere (NoNRS)
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and predators, creating a mutualistic relationship that ben-
efits both partners. However, this relationship, can also 
be influenced by other factors such as climate change and 
human activities like deforestation and agriculture (Aamir 
et al. 2019) which can disrupt the balance of the ecosys-
tem and impact the survival of both cycad species and their 
symbionts.

The successful establishment of these mutualistic part-
nerships has likely been favored and maintained through 
evolution due to the benefits they confer to both the plants 

posits that the host organism and its associated microorgan-
isms, collectively referred to as the hologenome, evolve 
together as a single unit (Rosenberg and Zilber-Rosenberg, 
2018). In the case of cycads, they have evolved complex 
associations with fungi and bacteria that are essential for 
nutrient acquisition and stress tolerance (Cong et al. 2021). 
These symbionts provide cycads with critical nutrients such 
as nitrogen and phosphorus, which are often limiting in soil 
environments (Yahui et al. 2023). In return, cycads offer 
their symbionts protection from environmental stresses 

Bacterial species Accession number Similarity 
index (%)

Encephalartos villosus coralloid roots
Lysinibacillus fusiformis strain DSM
Bacillus sp.
Lysinibacillus xylanilyticus strain YEBFR4
Lysinibacillus sp. strain SH-2
Enterobacter cloacae strain TMX6
Paenibacillus polymyxa strain J

NR_042072
KF010353
MT332716
MF465572
MK116463
KT783525

99.07
99.92
96.32
91.00
98.92
99.15

Encephalartos villosusrhizosphere soils
Lysobacter panacisoli strain CJ29
Xanthomonas cissicola strain ATCC 33,616
Paraburkholderia steynii strain HC1.1ba
Variovorax paradoxus NBRC 15,149
Hymenobacter xinjiangensis strain X2-1 g
Pseudomonas putida strain ATCC 12,633
Neobacillus ginsengisoli strain DCY53
Cupriavidus oxalaticus NBRC 13,593
Chitinophaga pinensis DSM 2588
Dyella marensis strain CS5-B2
Paenarthrobacter aurescens strain DSM 20,116
Paenibacillus maysiensis strain 1–49
Bradyrhizobium elkanii ATCC 49,852
Bradyrhizobium embrapense strain SEMIA 6208
Pseudomonas putida strain ATCC 12,633
Stenotrophomonas maltophilia strain LMG 958

NR_134075
NR_112071
NR_164972
NR_113736
NR_044003
NR_114479
NR_109068
NR_113619
NR_074566
NR_042691
NR_026233
NR_165764
NR_114610
NR_145861
NR_114479
NR_119220

99.65
85.73
99.73
90.60
86.32
98.20
89.73
95.64
90.10
98.51
86.32
84.07
98.51
78.44
86.32
95.27

Encephalartos villosusnon-rhizosphere soils
Paraburkholderia terricola strain R 8118
Paraburkholderia steynii strain HC1.1ba
Variovorax paradoxus NBRC 15,149
Pseudomonas koreensis strain Ps 9–14
Rhizobium phaseoli NBRC 14,785
Caulobacter rhizosphaerae strain 7F14
Enisfer adhaerens strain ATCC 33,212
Burkholderia australis strain Q208
Cupriavidus taiwanensis LMG 19,424
Stenotrophomonas maltophilia LMG 958

NR_029044
NR_164972
NR_113736
NR_025228
NR_113671
NR_156992
NR_114539
NR_126274
NR_074823
NR_119220

98.26
97.83
78.51
80.53
98.41
76.98
97.32
99.71
84.07
96.28

Vigna unguiculatagrown in rhizosphere soils
Brevibacillus brevis
Bacillus aerius
Lysinibacillus fusiformis
Paenibacillus sabinae
Bacillus stratosphericus

NR_112204.1
NR_118439.1
NR_042072.1
NR_122054.1
NR_118441.1

86.92
98.08
98.76
84.96
98.84

Vigna unguiculatagrown in non-rhizosphere soils
Alkalihalobacillus oceani
Bacillus altitudinis 41KF2b
Paenibacillus tundrae
Paenibacillus taichungensis
Peribacillus simplex

NR_148621.1
NR_042337.1
NR_044525.1
NR_044428.1
NR_042136.1

87.59
99.87
87.17
99.83
92.22

Table 1  Bacterial strains identi-
fied in Encephalartos villosus 
coralloid roots, rhizosphere and 
non-rhizosphere soils and root 
nodules of 45-day-old Vigna 
unguiculata grown in Encepha-
lartos villosus rhizosphere and 
non-rhizosphere soils collected in 
Oceanview, Eastern Cape, South 
Africa
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and chemical properties (Table S1) although they harbor 
different bacterial communities what makes us think that 
variations in plant biomass, growth kinetics and plant nutri-
tion have their origin in differences in variation in symbiotic 
nitrogen fixation.

These results support Kawaka et al. (2014) and Mwenda 
et al. (2018), who isolated native bacteria from bean nod-
ules with higher symbiotic nitrogen fixation in Kenya. The 
presence of the identified strains in the soils of E. villosus 
growing in OceanView, aiding plants of V. unguiculata, 
can be considered as an indication of co-evolution, where 
bacterial strains with a common ancestor have evolved in 
nutrient-poor soils and are thus selected by plants as the 
best symbionts to cope with the lack of nutrients in the soil. 
Encephalartos villosus is a forest understory plant known to 
grow in acidic soil environments. The sampled E. villosus 
rhizosphere and non-rhizosphere soils showed a pH range 
between 5 and 5.4 and low P levels (3.86–6.1 mg/kg). Under 
these conditions, phosphorus is unavailable for plant uptake 
due to the formation of insoluble complexes with cations 
such as aluminum and iron (Karyotis et al. 2005). Thus, the 
association of V. unguiculata plants growing in E. villosus 
rhizosphere and non-rhizosphere soils with phosphobacteria 
such as Bacillus could have enhanced phosphorus uptake.

White et al. (2008) reported high root biomass in plants 
growing in phosphorus deficient soils, which may explain 
the higher root biomass than shoot biomass in V. unguiculata 
plants in rhizosphere and non-rhizosphere soils. According 
to Iqbal et al. (2016), elevated root biomass is attributed to 
high phosphorus utilisation rather than phosphorus avail-
ability. Therefore, the higher root biomass of V. unguicu-
lata plants grown in rhizosphere soils may be attributed to a 
higher SPUR. It is also known that nitrogen deficit increases 
the root-to-shoot ratio what is also in consonance with our 

and the microorganisms. Moreover, the filter theory sug-
gests that the availability of nitrogen and other nutrients in 
the soil may be a key driver in shaping the symbiotic interac-
tions between plants and microorganisms. In nutrient-poor 
environments, such as that in OceanView, the ability to fix 
atmospheric nitrogen provides a competitive advantage to 
legumes and cycads, allowing them to thrive and survive in 
these challenging conditions. As a result, the nitrogen-fixing 
microorganisms that form symbiotic associations with these 
plants have also evolved and adapted to specific ecological 
niches. In the case of V. unguiculata growing in soils of E. 
villosus this is the first time that it is evidenced that nitro-
gen-fixing bacteria associated with the both the legume and 
the cycad are (i) clustered closely and (ii) assist the plants to 
grow and establish in a harsh environment as demonstrated 
by the enhanced plant performance in the presence of the 
bacteria (Table 2).

Vigna unguiculata plants growing in the rhizosphere 
and non-rhizosphere soils were predominantly nodulated 
by bacterial species belonging to the Paenibacillus genera. 
The Paenibacillus genera promote plant growth through 
phosphorus solubilisation, IAA production, siderophore 
secretion, and nitrogen fixation (Grady et al. 2016; Wesel-
owski et al. 2016). Bacterial strains such as Lysinibacillus 
fusiformis were identified in the coralloid roots of E. vil-
losus growing in OceanView. The same bacterial strain was 
isolated in V. unguiculata plants grown in rhizosphere soils, 
indicating the potential similarities in symbiotic associa-
tions involving cycads and legumes. All the genera of the 
native bacteria were able to nodulate and fix nitrogen with 
V. unguiculata in soils from the native E. villosus. Although 
we did not assess plant performance under each inoculant, 
we did assess plant growth in rhizosphere and non-rhizo-
sphere soils. The two soils are very similar in their physical 

Parameter Treatments
Rhizosphere Surrounding soils

Biomass
Total plant (g) 0.967 ± 0.270a 0.807 ± 0.128a

Leaves (g) 0.284 ± 0.112a 0.221 ± 0.066a

Shoots (g) 0.226 ± 0.080a 0.257 ± 0.053a

Roots (g) 0.457 ± 0.105a 0.329 ± 0.096b

Root: Shoot ratio 1.269 ± 0.116c 1.460 ± 0.160d

Growth kinetics
Relative growth rate (g day− 1) 0.020 ± 0.007a 0.016 ± 0.004a

SPUR (g plant DW mg− 1 P day− 1) 0.008 ± 0.002e 0.006 ± 0.0004f

SPAR (g root DW mg− 1 P day− 1)
SNAR (mg N g− 1 root DW day− 1)
SNUR (mg N g− 1 plant DW day− 1)
Carbon costs (mmol C g− 1 )

103.85 ± 5.42a

21.21 ± 3.98 g

4.19 ± 1.21i

0.004 ± 0.001a

117.65 ± 11.57a

16.07 ± 1.11 h

2.02 ± 0.95j

0.005 ± 0.002a

Plant Nutrition
Phosphorus (µmol g− 1)
Nitrogen (mmol g− 1)

20.17 ± 2.05a

4.51 ± 1.05k
19.84 ± 2.30a

3.19 ± 0.53 L

Table 2  Growth kinetics of 45 
days old Vigna unguiculata 
grown in Encephalartos vil-
losus rhizosphere and non-
rhizosphere soils, OceanView, 
Eastern Cape. Values are 
means ± SE, n = 50). Plant nutri-
tion data refer to the whole plant 
(leaves + shoot + root). In each 
row, different letters denote sta-
tistical differences (p ≤ 0.05) after 
an independent samples t-test
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indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.
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