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Abstract
Background  Opuntia ficus-indica (L.) Miller is dominantly growing on degraded soils in arid and semi-arid areas. The 
plants might establish a strong association with arbuscular mycorrhizal fungi (AMF) to adapt to nutrient, drought, and 
herbivore insect stress. The objective of this study was to investigate the effects of AMF inoculations and variable soil 
water levels (SWA) on the biomass, nutrient concentration, nutritional composition, and nutrient digestibility of the 
spiny and spineless O. ficus-indica by inducing resistance to cochineal stress. One mother Opuntia ficus-indica cladode 
was planted in a single pot in each field with 24 kg mixed soil. AMF inoculums were cultured in sorghum plants in a 
greenhouse and were inoculated in the planted cladodes. The planted cladodes were arranged using a completely 
randomized design (CRD) with three factors: AMF (present and absent); O. ficus-indica type (spiny and spineless) and 
four water treatments with 0–25% of plant available soil water (SWA), 25–50% of SWA, 50–75% of SWA, and 75–100% 
of SWA.

Results  Drought stress reduced the below and above-ground biomass, cladode nutrient content, nutritional 
composition, and in vitro dry matter digestibility (IVDMD) and in vitro organic matter digestibility (IVOMD). AMF 
colonization significantly increased biomass production with significant changes in the macro and micro-nutrient 
concentrations of O. ficus-indica. AMF inoculation significantly increased the IVDMD and IVOMD of both O. ficus-
indica types by improving the biomass, organic matter (OM), crude protein (CP), and reduced fiber and ash contents. 
AMF-inoculated cladodes improved the nutrient concentrations of the cladodes. AMF caused an increase in biomass 
production, increased tolerance to cochineal stress, and improved nutrient concentration, nutritional composition, 
and nutrient digestibility performance of O. ficus-indica plants.

Conclusions  AMF improved the performance of the O. ficus-indica plant to resist drought and cochineal stress and 
increased the biomass, nutrient concentration, nutritional composition, and nutrient digestibility. The potential of O. 
ficus-indica to adapt to cochineal stress is controlled by the macro and micro-nutrient concentration brought by the 
AMF association.
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Introduction
The crassulacean acid metabolism (CAM) plants occur 
in 300 genera belonging to over 16,000 species [1]. and 
grouped into three subfamilies, namely Opuntioideae, 
Pereskioideae, and Cactoideae [2, 3]. Opuntioideae that 
has 220–350 species [3] are the largest and differ from all 
other Cactaceae in having glochids and seeds. Opuntia 
ficus-indica (L.) Miller is an important economic Opun-
tioideae species with delicious fruits and stems used for 
food and feed [4]. O. ficus-indica cladodes are cost-effec-
tive feed for ruminant animals because it is fast growing, 
easy and inexpensive to grow, edible, and able to survive 
prolonged droughts [5].

Nutrient content, nutritional composition, and digest-
ibility of O. ficus-indica vary with age, cultivar types, 
species, and fertilization [6, 7]. For instance, O. ficus-
indica types with few, short, and thin spines are higher 
in nutrient contents than long and thick spiny types [6, 
8]. However, spiny and spineless types of O. ficus-indica 
are not significantly varied in mineral content and nutri-
tional composition [9]. O. ficus-indica grows in the wild 
with low fertilizer, no irrigation inputs, and soils with low 
nutrient contents [8].

Animals found in arid and semi-arid zones get water-
hydration benefits from feeding on cladodes of cactus 
[10] and improve their production performances [6]. 
Cladodes of the plants are high in carbohydrates, dry 
matter (DM), starch, and calcium [9]; water, ash, and 
energy [5]. On the other side, the crude protein (CP), 
crude fiber (CF), phosphorus (P), and nitrogen (N) con-
tent of the plant are low [8, 9, 11]. O. ficus-indica has a 
low CF, CP, P, and N content and high water content, and 
these limitations can lead to metabolic disorders, low 
DM intake, nutrient digestibility, diarrhea, and weight 
loss in animals [12, 13].

Proper interventions on cactus growth can improve the 
nutrition of cactus for animal feed. [11] studied the effect 
of silage making by spineless cladodes of Opuntia stricta 
associated with forages such as Buffel grass (Cenchrus 
ciliaris L.), Gliricidia (Gliricidia sepium) and Pornunça 
(Manihot sp.) on improving CF, CP, and N content, DM 
intake, and DM digestibility of the silage. Cladodes silage-
making with other forage species had improved intake, 
digestibility, and nutrient contents. Mixing O. ficus indica 
with forage legumes can improve the nutrient contents 
of the feed diets and the silage [14]. O. ficus indica diets 
mixed with corn maize plants can improve protein stress 
and improve animal performance [15]. Mixing O. ficus 
indica diets with tef (Eragrostis tef) straw improves nutri-
ent concentration and nutrient composition [16]. Inter-
ventions employed to improve the nutrient content of O. 
ficus indica help to improve the nutrient concentration, 
nutrient composition, and nutrient digestibility of the 
diet from the species. However, these studies focused on 

the improvement of the nutrient content and digestibility 
of the O. ficus indica plant when mixed with other plant 
species. O. ficus indica silage-making with protein-rich 
plants also demands inflated costs in terms of energy, 
sugar, water, labor, and handling [12]. AMF technol-
ogy can independently improve the biomass and avail-
ability of nutrient contents in plants [17, 18]. Improving 
the nutrient content of plants is important to maximize 
digestive microbial efficiency and stimulate dry matter 
digestibility [19].

AMF is a key factor in promoting the primary pro-
ductivity of plants [20] and nutrient content of woody 
plants [18, 21]. The role of AMF inoculation on the nutri-
ent composition and nutrient digestibility of spiny and 
spineless O. ficus indica by inducing cochineal infestation 
resistance was not studied. O. ficus indica growing in arid 
and semi-arid areas is challenged by cochineal insects 
[22, 23]. Cochineal sucks the nutrients and water content 
of O. ficus-Indica plants [24] and brings poor nutritional 
quality of the plant and animal starvation effects [25]. In 
arid and semi-arid areas, interactions between plants and 
AMF play a significant role in inducing plant resistance to 
insect stresses and in maintaining the nutrient content of 
plant communities under insect stress [26]. AMF cochi-
neal interactions in O. ficus-indica plants varied with dif-
ferent environmental factors [23]. Water stress impact 
on insect performance is complex and difficult, as water 
stress may have a positive, negative, or neutral effect on 
the performance of various herbivore insects [27, 28].

In our previous study, we concluded that colonization 
of O. ficus-indica plants with AMF has a major contri-
bution to improved growth, biomass, and gas exchanges 
of the species [21]. However, nutrient concentration 
and nutritional quality improvements of O. ficus-indica 
through AMF inoculation need further study. A study 
of the underground process through AMF could help in 
the nutritional improvement of the O. ficus-indica and 
its digestible quality in a way that fulfills the needs of the 
livestock. In this study, we focused on the role of AMF 
symbiosis in improving the nutrient contents, nutritional 
values, and digestion of spiny and spineless O. ficus-
indica under various soil water conditions (SWA). We 
hypothesized that: (1) mycorrhizal O. ficus-indica shows 
higher below and above-ground biomass productions, 
nutritional content, and composition than without AMF; 
(2) the nutritional content and composition of O. ficus-
indica cladodes increase with an increase in soil water 
available; (3) mycorrhizal O. ficus-indica shows higher 
nutritional content, composition, in vitro digestibility 
and resistance against cochineal stress than non-mycor-
rhizal cladodes.
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Materials and methods
O. ficus-indica plants were cultured in the greenhouse 
of the Mekelle agricultural research center in Mekelle 
City, Tigray, Ethiopia (13°29′N, 39°28′E; 2000  m a. s. l.) 
for nearly two years before cochineal inoculation (from 
10-Sep- 2019 to 14-Mar- 2021) and one year after cochi-
neal infestation (from 15-Mar- 2021 to 20-Mar- 2022). 
The greenhouse had mean day/night temperatures of 
26 °C/22°C. The mean daily average relative humidity of 
the greenhouse was 51%.

Growing of O. ficus-indica plants
We collected one-year-old O. ficus-indica mother clad-
odes from the Mekelle research center. The mother clad-
odes were spiny and spineless. The morphological traits 
of the cladodes were not significantly varied [21]. We 
dried the cladodes under a shaded area for four weeks. 
We planted one air-dried cladode in an upright posi-
tion in one pot filled with 23.5  kg of autoclaved river 
pure sand and field soil excavated from the rhizosphere 
of the O. ficus-indica plantation. The clay, silt, and sand 
soil textures for the potted soils were 12.8%, 7.1%, and 
80.1% respectively. The potted soil had pH 7.77, electri-
cal conductivity 0.11 dSm− 1, organic carbon 1.04%, total 
nitrogen 0.7%, available potassium 0.5 mg/100 g soil, and 
available phosphorous content 1.103 mg/100 g soil.

Rhizosphere soil sampling, AMF spore extraction, 
cultivation, and application
We excavated soil samples from the rhizosphere of O. 
ficus-indica plantation following [23] procedures. AMF 
spore density and AMF genera types were evaluated 
using the excavated soil samples following [29] proce-
dures. Potting soil was sieved and autoclaved at 121 OC 
for two hours before inoculation. We cultivated AM 
fungi in pot cultures with Sorghum bicolor as the host 
plant. The viability of the sorghum seeds was determined 
before planting. Twelve sorghum seeds were planted in 
each pot and grown for 60 days. Soil and root samples 
were collected from each pot culture for further deter-
mination of AMF root colonization and spore density. 
Spore density and AMF root colonization were deter-
mined using a compound microscope with 400x mag-
nification. The average spore density and AM fungi root 
colonization of the Sorghum bicolor plants 60 days after 
planting was 198.8 spore 100 g− 1soil and 99.21% respec-
tively and these values were used to determine the weight 
of AMF inoculum added to the experimental pot. The 
fractional AMF root colonization and spore density from 
the AMF-inoculated Sorghum bicolor plants were deter-
mined and then the fungal inoculum and microbial wash 
were added to the center of each pot planted with mother 
cladodes [21]. The number of spores added to the cen-
ter of each pot were close to 400 spores (198.8 spores × 

201 g 100 g− 1 soil). Fungal inoculums were composed of 
a mixture of soil, spores, and root fragments, and 201 g of 
inoculum added to the center of each pot of the mother 
cladode. To mimic the optimum rhizosphere ecosystem 
and increase the AMF performance, 300 mL microbial 
wash created through the extraneous extraction solution 
(without spores) from fungi inoculums was added to the 
center of each pot. Adding 400 numbers of spores and 
300 mL microbial wash is recommended for improved 
performance of plants and positive protection of insects 
[30].

Greenhouse experimental design and treatments
In this study, a three-factorial experiment with two lev-
els of AMF (presence and absence), two O. ficus-indica 
type (spiny and spineless), and four levels of plant avail-
able soil water (SWA), 0–25% of SWA representing T1, 
25–50% of SWA representing a T2, 50–75% of SWA rep-
resenting a T3, and 75–100% of SWA representing a T4 
[21]. We arranged the treatments in a greenhouse work-
bench in a completely randomized design with seven 
replications giving a total of 112 O. ficus indica plants. In 
this study, an additional 12 controlled experimental pots 
filled with the same amount of mixed soil as the mother 
cladode planted pots were prepared to determine the 
exact percent of SWA [21] and we calculated the amount 
of water added to the planted pots following [31].

Collecting ovipositing females, culturing, and inoculating 
crawler
We detached ovipositing females from cochineal-infested 
O. ficus-indica plants using a brush and collected in plas-
tic jars [32]. The small female and male cochineals, crawl-
ers, and dusty waxes were separated from the female 
cochineal by sieving. We cultured the alienated ovipos-
iting females in plastic jars and kept them in a shaded 
area for 72 h. We produced enough crawlers for the treat-
ments and sixty crawlers inoculated to the two sides of 
the treated cladodes on March 15/2021 following [33].

Mycorrhizal root colonization analysis
The presence or absence of arbuscules, vesicles, and 
hyphae were used to assess mycorrhizal root coloniza-
tion following the [34] method. We preserved the root 
samples collected from the O. ficus-indica plants in plas-
tic jars filled with 50% ethanol [23, 34]. We chopped the 
collected root samples into 1 cm and treated them with 
10% KHO solution in a heat-resistant jar. The treated 
roots were autoclaved at 121 °C for 15 min [29]. The roots 
were bleached and cleaned after washing in 10% H2O2 
for about 15  min and acidified with 2% HCl for about 
1 h at room temperature. We stained the roots in a mix 
of 0.05% trypan blue (5:1:1 lactic acid: glycerol: distilled 
water ratio). We washed the stained roots and immersed 
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them in 50% glycerol for 1–2  h, for further de-staining 
and preservation. Afterward, the magnified gridline 
intersect method was used to determine the fractional 
AMF root colonization [29, 34].

Biomass production
We uprooted the O. ficus-indica plants from the pots 
carefully. We carefully removed the roots from the 
uprooted plants to determine the below-ground biomass. 
Total biomass, shoot, and root biomass were determined 
by harvesting the whole plant. We then calculated both 
fresh and dry root-to-shoot ratio yields per plant. We 
washed the roots cut from O. ficus-indica thoroughly 
using water, cleaned them with a clean cloth to remove 
soil and then weighed using a sensitive balance. We 
recorded individual fresh weights for root and cladodes 
per plant. The roots and cladodes of O. ficus-indica were 
oven-dried at 100 ℃ for 24 and 72 h, respectively, until 
constant dry weight was achieved [31] and dry matter (g/
kg fresh cladode of plants) was measured [35].

 
Dry matter = Fresh weight−Dry weight

Fresh weight × 100%

Nutritional composition analysis
Before analysis, the grounded samples passed through a 
one mm sieve. We weighed three samples per treatment 
and stored them in sealed plastic bottles for laboratory 
analysis. The ash contents of the samples were deter-
mined by taking two grams of milled sub-samples and 
burned at 550  °C for three hours and we calculated the 
organic matter content by subtracting the percentage of 
ash from 100 [35]. The total nitrogen (N) content of all 
samples was determined by the Kjeldahl procedure. We 
calculated the crude protein content by multiplying the 
6.25 factors with the nitrogen content of the cladodes 
[35]. The acid detergent fiber (ADF), acid detergent lig-
nin (ADL), and neutral detergent fiber (NDF) content of 
samples were determined following the procedures of 
[36] by using filter-bag (Ankom® Technology, # F57).

In vitro digestibility
In vitro true dry matter digestibility (IVTDMD) and in 
vitro true organic matter digestibility (IVTOMD) are 
laboratory tests used as plant quality indexes for animal 
feed by animal nutritionists [37]. The rumen fluid was 
collected from three fistulated male sheep fat-ramped 
type (Borona) breed animals. The animals were fed twice 
a day with a basal diet combination of grass hay, agro-
industrial by-products (wheat bran and molasses), and 
O.ficus-indica (chopped cladodes) based on their daily 
requirements. These basal diets were fed for seven days. 
Water was provided adlibitum. The rumen fluid was col-
lected from the trial animals with a thermostat holding 
hot water at 39 °C. The fluid was added to the thermostat, 

after removing the water. IVTDMD and IVTOMD of all 
samples were determined by ANKOM (2008) Technol-
ogy -DAISYII incubator using 0.25  g dried samples of 
O. ficus-indica passed through a one mm sieve size for 
IVTDMD analysis. The method includes two consecutive 
digestion phases. Plant materials were incubated under 
anaerobic conditions with rumen microorganisms for 
48 h at 39 °C followed by a 24-hour acid-pepsin digestion 
phase at 39 °C during the first digestion phase. Residual 
plant materials were collected and oven-dried (105 °C for 
12 h) after 72-hour incubation.

Plant nutrient analysis
After calculating the dry weight of the plants, we cut 
plant samples into pieces using a sharp knife. We washed 
the cladodes cut from the O. ficus-indica plants thor-
oughly with distilled water and cleaned them with clean 
clothes to remove dust, cochineal, and cochineal prod-
ucts. The cut plants were dried. We crushed the dry 
cladode samples with a mortal and packed the result-
ing powder for the analysis of nutritional concentration, 
nutritional composition, and in vitro true dry matter 
digestibility. Nutritional concentration parameters: phos-
phorus (P), nitrogen (N), potassium (K), and calcium (Ca) 
were determined using an ultraviolet-visible spectropho-
tometry analyzer at Mekelle University Geology Labo-
ratory and total magnesium (Mg), iron (Fe), manganese 
(Mn), and zinc (Zn) using atomic absorption spectrom-
etry (AAS) at Ezana Analytical laboratory PLC, Mekelle, 
Tigray, Ethiopia. A triplicate of approximately five grams 
of the O. ficus-indica powder was placed into a 250 mL 
conical flask: 5 mL of concentrated H2SO4 was added fol-
lowing the addition of 25 mL of concentrated HNO3 and 
5 mL of concentrated HCl. We heated the mixtures at 
200 OC for 1 h in a fuming hood and then cooled to room 
temperature. Then, 20 mL of distilled water was added, 
and we filtered the mixture using filter paper to complete 
the digestion of organic matter. Lastly, we transferred the 
mixture to a 50 mL volumetric flask, filled it to mark, and 
let it settle for at least 15 h. We analyzed Mg, Fe, Mn, and 
Zn using the resultant supernatant using [38].

Statistical analysis
We analyzed the data for the root and cladode fresh 
weight, root and cladode dry weight, root/cladode ratio, 
DM, CP, ADF, NDF, ADL, and ash IVDMD content 
using the analyses of variance using SPSS 2016 software. 
Variations of AMF in O. ficus-indica daughter cladodes 
traits were evaluated using a three-way analysis of vari-
ance (ANOVA). Fractional root colonization of AMF 
in plant roots was evaluated using two-way ANOVA. 
We performed Gabriel post hoc test for unequal sample 
size and least significant difference (LSD) for the main 
effect comparison after checking for the normality of the 
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distribution of the data. We estimated variability using 
standard errors and we used LSD (α = 0.05) to compare 
means at P < 0.05.

Results
Arbuscular Mycorrhizal Fungi colonization
Water treatment significantly affected the AMF root col-
onization (Table 1; Fig. 1). Root colonization significantly 
increased with increased drought stress. AMF root colo-
nization was absent in non-AMF plants (Table 1). Pres-
ences of spines were not significant sources of variation.

Biomass production
AMF-inoculation and SWA significantly affected fresh 
mass, dry mass, and root/cladode ratio of O. ficus-indica 
plants (Table  1; Fig.  2). There was a significant interac-
tion among O. ficus-indica type × AMF, O. ficus-indica 
type × SWA, AMF × SWA, and O. ficus-indica type × 
AMF × SWA in all biomass parameters. In this study, 
we observed that the below-ground interaction (O. 
ficus-indica type × AMF × SWA) affected the below and 
above-ground biomass of O. ficus-indica plants. Because 
the main inputs of the biomass of O. ficus-indica per pot 
is based on the effect of AMF accounts for the plant per-
formance variance attributable to the difference between 
mycorrhizal and nonmycorrhizal O. ficus-indica plants.

Nutritional composition
The presence of spines in the cladodes did not have a 
significant effect on the nutritional compositions of the 
O. ficus-indica cladodes (Table 2). AMF and SWA had a 
significant effect on the nutritional compositions of the 
plants. Dry matter, organic matter, and crude protein 
content were significantly higher in AMF O. ficus-indica 
than in non-AMF O. ficus-indica plants. Ash content, 
ADF, ADL, and NDF were lower in AMF O. ficus-indica 
plants (Table  2; Fig.  3). An increase in SWA levels sig-
nificantly increased the dry matter, organic matter, and 
crude protein content of the cladodes while decreased 
the Ash content, ADF, ADL, and NDF. O. ficus-indica 
type × AMF interactions significantly affected the nutri-
tional composition in cladode ash content, OM, CP, 
ADF, ADL, and NDF (Table 2). The interactions between 
SWA and O. ficus-indica type significantly affected the 
DM, ash, OM, ADF, and ADL of daughter cladodes. O. 
ficus-indica type × AMF × SWA interaction significantly 
affected DM, ash, OM, CP, ADF, ADL, and NDF.

In vitro digestibility
We assessed the effect of O. ficus-indica type, mycor-
rhiza, and plant-soil water available and their interac-
tion on change in vitro dry matter (IVDMD) and in vitro 
organic matter digestibility (IVOMD) of O. ficus-indica 
cladodes after exposed to cochineal attack for twelve 

months. We found that AMF and SWA significantly 
affected the digestibility of cladodes (Table 2; Fig. 3). The 
non-mycorrhizal O. ficus-indica cladodes were lower in 
both IVDMD and IVOMD. There was significant inter-
action for O. ficus-indica type × AMF, AMF × SWA, 
and O. ficus-indica type × AMF × SWA for IVDMD and 
IVOMD.

Nutrient contents
The P, N, K, Ca, Mg, Fe, Mn, and Zn nutrient concen-
trations in cladodes were significantly affected by AMF 
presence and SWA but not by O. ficus-indica types 
(Table  3; Fig.  4). The nutrient concentrations in clad-
odes were significantly higher for AMF-inoculated O. 
ficus-indica plants. Nutrient concentrations of the clad-
odes were increased with an increase in SWA levels. O. 
ficus-indica type was not a significant source of variation 
for nutrient concentrations. The P, Ca, Mg, Mn, and Zn 
concentrations were significantly affected by the interac-
tion between O. ficus-indica type and SWA. All micro-
nutrients (Fe, Mg, and Zn) were significantly affected by 
the interaction of O. ficus-indica type and SWA. AMF × 
SWA interaction significantly affected both macro and 
micronutrient concentration. O. ficus-indica type × AMF 
× SWA interaction significantly affected the nutrient con-
centrations except N and K.

Discussion
Our study supported the hypothesis that mycorrhizal 
O. ficus-indica shows higher below and above-ground 
biomass productions, nutritional content, and composi-
tion than without AMF. We observed a positive effect of 
mycorrhizal symbiosis on the below and above-ground 
biomass increment of O. ficus-indica under greenhouse 
conditions using spiny and spineless cladodes inoculated 
with AMF. Increased below and above-ground biomass in 
AMF plants compared to non-mycorrhizal ones reported 
for other species [18, 39]. The greater plant biomass mea-
sured from treatments inoculated with AMF could be 
due to enhanced nutrient uptake due to increased root 
surface area [40]. [21] reported that AMF inoculations 
enhance the biomass of spiny and spineless O. ficus-
indica plants through improved growth, photosynthetic 
water use efficiency, and photosynthesis. [39] reported a 
positive mycorrhizal effect on the biomass of Boswellia 
papyrifera seedlings over control seedlings due to signifi-
cantly improved growth, gas exchange, and P nutrition.

AMF inoculation caused a significant impact on bio-
mass by the resistance of AMF to cochineal insects. Simi-
larly, there are studies on enhanced biomass production 
of plants under insect stress due to AMF inoculation [23, 
26, 30]. It is important to note that the above-ground bio-
mass of the non-AMF-inoculated plants that was severely 
destroyed by the cochineal could have been altered by the 
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sucking nutrients of the plant; therefore, we observed a 
strong difference in macro and micro-nutrients between 
the AMF-inoculated and controlled plants (Table  3; 
Fig. 4).

The biomass production significantly reduced with 
increased drought stress on both spiny and spineless 
plant types. Reduced biomass production of the plant in 
response to low levels of SWA has been well documented 
[21] and observed in CAM plants [41, 42]. This reduced 
biomass production performance is due to reductions 
in overall O. ficus-indica morpho-physiological perfor-
mance [21]. However, AMF-inoculated plants were better 
adapted to drought stress than controlled plants. Simi-
larly, [43] and [13] found that AMF-inoculated plants 
better induce tolerance to drought stress and improve 
biomass production than non-mycorrhizal plants.

For the first time, to our knowledge, we investi-
gated the impact of AMF inoculation, SWA, and O. 
ficus-indica type on O. ficus-indica performance under 

nutrient-sucking cochineal insect stress. AMF inocula-
tions effectively reduced the impact of cochineal on the 
O. ficus-indica biomass, nutrients, and national per-
formance, while the SWA and types were not related to 
the cochineal impact. These responses are likely linked 
to changes in plant nutrients [32]. However, under 
cochineal-stressed conditions, the two- and three-way 
ANOVA interaction results showed that AMF, SWA, and 
types affected the plant performance measured param-
eters. In contrast to our observations, drought stress can 
only negatively affect the performance of western flower 
thrips, Frankliniella occidentalis (Thysanoptera: Thripi-
dae), on tomatoes [44].

Our finding supported the hypothesis that the nutri-
tional content and composition of O. ficus-indica clad-
odes increase with the increase in the amount of soil 
water available. Nutritional composition decreased with 
an increase in drought stress (Table  2). These results 
are consistent with the findings of [6], who investigated 

Fig. 1  Effect of the interaction of O. ficus-indica type (spine and spineless), Arbuscular mycorrhizal fungi (AMF+, AMF-), and plant-soil water available 
(SWA) on fractional AMF root colonization HC = hyphal colonization, AC = arbuscular colonization, VC = vesicular colonization, and T1 = 0 to 25%, T2 = 25 
to 50%, T3 = 50 to 75%, T4 = 75 to 100% of plant available soil water. Values indicate Mean ± SEM
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the effects of water stress on the chemical composi-
tion of spiny (Opuntia amyclae) and spineless (Opuntia 
ficus indica f. inermis) cactus cladodes. The result of this 
study showed that OM, CP, ADF, and lignin content were 
higher for water-stressed plants than for non-stressed 
plants. However, DM content was higher in non-stressed 
than water-stressed plants.

As hypothesized, we found higher IVDMD and 
IVOMD in the mycorrhizal O. ficus-indica cladode types 
than in non-mycorrhizal cladodes with the resistance 
of drought and cochineal stresses. These results can 
relate to the significant impact of AMF inoculation on 
the increment in weight, nutritive value, and nutritional 
composition (CP and OM) of the plant (Table 2). IVDMD 
and IVOMD in the O. ficus-indica cladode increased 
with an increase in biomass, nutritive value, and nutri-
tional composition (CP and OM) and a reduction in 
fiber content, consistent with the findings of [16] of the 

plant. CAM plans have poor nutrient digestibility due to 
the low contents of crude protein (CP), crude fiber (CF), 
phosphorus (P), and nitrogen (N) [8, 9, 11]. However, 
AMF inoculation technology in this study improved the 
nutrient digestibility and improved the limited nutrient 
contents of O. ficus-indica plants.

Conclusions
O. ficus-indica plants colonized by AMF improved the 
nutritional composition, nutrient digestibility, and min-
eral concentration by resisting cochineal and drought 
stress. AMF caused an increase in nutrient digestibil-
ity, which was related to the improvement of OM, CP, P, 
and N contents. A decrease in Ash, ADF, ADL, and NDF 
content improved IVOMD and IVDMD digestibility of 
the mycorrhizal O. ficus-indica plants. Cochineal stress 
brought low biomass production in the non-mycorrhizal 
plants. AMF-colonized O. ficus-indica plants inoculated 

Fig. 2  Effect of the interaction of O. ficus-indica type (spine and spineless), Arbuscular mycorrhizal fungi (AMF+, AMF-), and plant-soil water available 
(SWA) on biomass production T1 = 0 to 25%, T2 = 25 to 50%, T3 = 50 to 75%, T4 = 75 to 100% of plant soil water available. Values indicate Mean ± SEM
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with cochineal had better nutrient contents. AMF has 
interacted with decreasing levels of SWA. Thus, mycor-
rhizal O. ficus-indica plants with low levels of SWA 
increased their benefits for drought stress. AMF O. ficus-
indica plants should be colonized by AMF to improve 
nutrient concentration, nutritional composition, and 
nutrient digestibility by resisting cochineal and drought 
stress.

Fig. 3  Effect of the interaction of O. ficus-indica type (spine and spineless), Arbuscular mycorrhizal fungi (AMF+, AMF-), and plant-soil water available 
(SWA) on nutritional composition and digestibility: OM = organic matter, CP = crude protein, ADF = acid detergent fiber, ADL = acid detergent lignin, 
NDF = neutral detergent fiber, IVDMD = in vitro dry matter digestibility, IVOMD = in vitro dry matter digestibility, and T1 = 0 to 25%, T2 = 25 to 50%, T3 = 50 
to 75%, T4 = 75 to 100% of plant available soil water. Values indicate Mean ± SEM
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