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Abstract. For hundreds of years, leafcutter ants (Atta spp.) have been cultivating the fungus
Leucoagaricus gongylophorus, which grows on foraged plant biomass and subsequently serves as food
for the ants. Once the biomass nutrients are depleted, mainly due to enzymatic attack by the fungus, the
ants discard what we label as leafcutter ant compost (LCAC). Here, we tested whether the LCAC behaved
as a compost that is capable of releasing nutrients to grow greenhouse tomato plants. Our results indicate
that Atta spp. together with Leucoagaricus gongylophorus produce a mature and stable compost with a
high nutrient content that is able to nourish tomato crops at a dose of 32.5 t ha™*. The LCAC significantly
increased the organic matter content and permeability of the soil and provided soluble essential nutrients
for the tomato plant, producing a yield that was not statistically different from that obtained with soluble
inorganic salts without compromising the nutraceutical quality of the fruit. Our results suggest that LCAC
resembles a stable compost, which immediately releases its nutrients to plants. Atta spp. play an important
ecological role as they transport biomass across great distances, compost it and return it to the
environment for use by neighbouring plants.

Keywords: ant compost, soluble nutrients, Leucoagaricus gongylophorus, biomass degradation, fungus
garden

Introduction

Over millions of years, the ants of the genus Atta have developed a mutualistic
relationship with the basidiomycete Leucoagaricus gongylophorus (Pagnocca et al.,
2001; Silva-Pinhati et al., 2004), which is cultivated primarily on the leaves, stems and
flowers of plant material that is located in specialized underground chambers of the ant
nest (Sternberg et al., 2007). In these chambers, the basidiomycete is grown and
subsequently develops hyphae that are harvested by the ants as food for themselves and
their larvae (Mueller et al., 2001, 2005). Through a strict cleaning system, the workers
produce symbiotic glandular and bacterial secretions to provide an aseptic environment
that prevents the proliferation of parasitic fungi and unwanted microorganisms
(Holldobler and Wilson, 1990; Little et al., 2006). Through a complex process of plant
material degradation, the fungus Leucoagaricus gongylophorus produces enzymes
capable of degrading proteins, starch and the polysaccharides of the cell wall (Moller et
al., 2011). In fact, metaproteomic analyses have identified 145 lignocellulosic enzymes,
including pectinases, amylases and cellulases (Aylward et al., 2013). Once the process
of decomposition and depletion of the plant material has elapsed, the worker ants
dispose of it, depending on the genus, either in specialized internal waste chambers
underground in the nest or, as in the genus Atta, by bringing the already decomposed
material to the surface and piling it outside of the nest entrance. To obtain its food from
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the plant material, Leucoagaricus gongylophorus penetrates the leaf with its hyphae,
which causes the release of nutrients such as N, Ca, Mg and K (Moutinho et al., 2003;
Saha et al., 2012), among others; this process may be derived from the decomposition of
organic matter. Farji-Brener and Ghermandi (2008) analysed the waste from nests of
Acromyrmex lobicornis, a species of foraging ant, and found acceptable levels of
organic matter, N, P, K, Ca and Mg; the values were very similar to those of
commercial compost. This finding is to be expected because the leaves are one of the
largest reservoirs of nutrients in the plant.

Within the underground waste chamber where plant matter decomposes in the nest,
at a certain humidity and temperature that is currently unknown, the process of aerobic
decomposition is very similar to the process known as “composting”. The ants use these
chambers as continuous bioreactors of plant matter, as they feed new substrate to the
bioreactor (the “fungal garden”) in the upper part of the chamber where the fresh plant
material is found, and they remove the digested plant material that is commonly found
in the stratum below the fungal garden. This has been confirmed by studies of
enzymatic activity of the waste from above, in the middle of and at the bottom of a
fungal garden (Bot et al., 2001; Hart, 2002; Moller et al., 2011; Schiett et al., 2008).
Similar to the composting process, the ants take on average of two or three months to
discard the plant material that is no longer used in the bioreactor. This has been
confirmed using N:°N isotope ratios in the leaves collected from A. colombica
(Sternberg et al., 2007). However, there are reports showing that the degraded plant
material not used for the fungal garden takes four to six weeks to be removed (Aylward
etal., 2013).

As in the fungal garden bioreactor, the composting process is the controlled aerobic
decomposition of organic wastes through the involvement of mesophilic and
thermophilic organisms, which generate a waste residue that can be used as an organic
amendment (Korner et al., 2003). However, unlike the well-characterized
microorganisms in compost, the contribution of many of the microorganisms that break
down plant biomass in the fungal garden bioreactor is not clear, except for the
basidiomycete Leucoagaricus gongylophorus (Pagnocca et al., 2001; Silva-Pinhati et
al., 2004). The working hypothesis is that the plant material collected by the foraging
ants is composted and initially attacked by the arsenal of enzymes of the fungus
Leucoagaricus gongylophorus, which confers the capacity to release nutrients that
satisfy the demands of a plant. The objective of this work was to determine the effect of
Atta mexicana ant waste on the growth of tomato plants and on the soil characteristics
under greenhouse conditions.

Materials and methods
Collection and physical and chemical characterization of ant compost

Leafcutter ant compost (LCAC) from Atta mexicana was collected in May 2017 in
the vicinity of their nests (20°22°54.9”N, 100°04°46.7°W) and then held in plastic bags
until use (Fig. 1A). An LCAC sample was analysed to make the following
determinations: total nitrogen (N) was measured using the Dumas method; and
potassium (K20), calcium (Ca), magnesium (Mg), sodium (Na), iron (Fe), copper (Cu),
manganese (Mn), phosphorus (P2Os), boron (B) and zinc (Zn) were analysed by
spectrometry (Model ICP-iICAP 7000; Thermo Scientific, Massachusetts, USA)
following wet digestion (Model Mars 6; CEM, North Carolina, USA) of the material.
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Sulfur (S) was determined by wet digestion (Model Mars 6; CEM, North Carolina,
USA) with the turbidimetric method. The electrical conductivity (EC) and pH were
determined following the Mexican Standard NMX-FF-109-SCFI1-2007 using a pH meter
(Model; PC18, Conductronic, Puebla, Mexico). The moisture content was evaluated
using the gravimetric method. The ash and organic content were measured after
calcination. The organic carbon content was calculated as a percentage of the original
material, whereas the C/N ratio was determined on a dry weight basis.
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Figure 1. Ant compost (LCAC) application. A) Leaf-cutting ants and their refuse deposits, B)
LCAC application at different doses, C) plants growing in the greenhouse

Plant material, cultivation conditions and treatments

The experiment was conducted in a greenhouse with lateral and zenithal ventilation
at temperatures of 15 to 27 °C, a relative humidity of 45 to 90% and a maximum of
933Wm2. The study was carried out in Queretaro, Mexico (20°35°28”N,
100°24°36”W). The LCAC was mixed homogeneously into the soil at a working depth
of 30 cm (Fig. 1B). The dose used was calculated based on the nitrogen content
contained in the LCAC and the N requirement of a tomato plant. Thus, for the first
treatment, 15.04 g of N per plant was added, which is equivalent to 0.792 kg of LCAC
(Tlow); for the second treatment, 24.70 g of N was mixed per plant, which is equivalent
to 1.3 kg of LCAC (Tmed); and for the third treatment, 34.96 g of N (1.84 kg of LCAC)
was added per plant (Thigh). A fourth treatment without LCAC was used as a control,
but a universal nutrient solution (Steiner, 1984) was used to nourish the plants
(Tcontrol). The universal solution contained the following components (mg L™?): N
(167), P (31), K (277), Mg (49), Ca (183), S (111), Fe (1.33), Mn (0.62), B (0.44), Cu
(0.02), Zn (0.11) and Mo (0.048). The pH was adjusted to 5.8 using a pH meter (Model,;
PC18, Conductronic, Puebla, Mexico). The EC was managed according to the
phenological stage of the crop using the method of Avila-Juarez et al. (2015) using a
conductivity meter (Model; PC18, Conductronic, Puebla, Mexico). Tomato seeds
(Solanum lycopersicum L. cv. Cid) from Harris Moran were planted in polystyrene
germination trays with 200 cavities with peat moss and placed in a germination chamber
(80% RH, 25 °C) until germination. After the plants sprouted, they were transplanted to
a density of 2.5 plants m? in soil with the characteristics listed in Table 2 (“soil
before”). The amount of water supplied to the plants was activated by a tensiometer at
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20 centibars placed in each treatment. The experimental design was completely
randomized with four treatments, six replicates and an experimental unit of three plants.

Determinations in plants and soil

Plant growth (16 plants per treatment: Fig. 1C) was measured at 25 (flowering
phase), 57, 95 (fruiting phase) and 123 (senescence phase) days after transplant (DAT).
The total yield was also measured. Once the experiment was completed, the degree of
soil compaction (in kPa) at 0.08, 0.15 and 0.30 m was determined with a soil
penetrometer (Spectrum Inc., USA). Samples were taken from 0 to 0.30 m in depth to
determine the following physical properties: saturation (SAT), field capacity (FC),
wilting point (WP), hydraulic conductivity (HC), bulk density (BD), cation exchange
capacity (CEC) and EC (Model; PC18, Conductronic, Puebla, Mexico). In addition, the
following chemical properties were determined: organic matter (OM), inorganic
nitrogen (IN), total P, K, Ca, Mg, Na, Fe, Zn, Mn, Cu, B, S and pH. The IN was
measured using the Dumas method. The EC and pH values (Model; PC18,
Conductronic, Puebla, Mexico) were determined following the Mexican Standard
NMX-FF-109-SCFI-2007. The resulting elements K, Ca, Mg, Na, Fe, Cu, Mn, P, B and
Zn were analysed by spectrometry (Model ICP-iCAP 7000; Thermo Scientific,
Massachusetts, USA) after wet digestion (Model Mars 6; CEM, North Carolina, USA)
of the material.

Quantification of total phenols and flavonoids in tomato fruit

The tomato samples (16 fruits from 16 plants per treatment) were homogenized with
a dispersing instrument (Ultra Turrax) for 1 min and protected from light with
aluminium foil. The homogenized sample (100 mg) was extracted with 2 ml of a
methanol:water:formic acid 80:18:2 v/v solution, and the solution was then vortexed for
30 s. The sample was sonicated for 30 s before being centrifuged at 14,000 rpm for
15 min at 4 °C. The supernatant was recovered and filtered with a 0.20 um filter and
held in the dark at -20 °C until analysis. The phenols were extracted using the Folin-
Ciocalteu colorimetric method according to Dewanto et al. (2002). Briefly, the tomato
extracts (30 pL) were diluted with 460 pL of distilled water. Then, 150 pL of Folin-
Ciocalteu solution was added to each sample. Subsequently, samples were mixed and
allowed to stand for 10 min before adding 120 puL of a 20% sodium carbonate aqueous
solution. Afterwards, the samples were left to stand for 120 min in complete darkness at
room temperature. The samples were read at 765 nm against a blank using a
MULTISKAN GO microplate spectrophotometer (Model 51119300; Thermo Scientific,
Vantaa, Finland) and compared with the standard. A standard with a known
concentration of gallic acid was used for calibration of the curve (0.0-600 pL). All
values were expressed as the average of three replicates in milligrams of gallic acid
equivalents (GAE) per gram of tomato (fresh weight).

The method for the determination of the flavonoid content was modified from
Oomah et al. (2005) for use with microplates. Briefly, 100 uL of the methanolic extract
was mixed with 30 pL of 5% NaNO: at time zero. After 5 min, 30 pL of 10% AICIs was
added. At 6 min, 200 pL of 1 N NaOH was added. Subsequently, timing was stopped,
and 240 pL of distilled water was added to each sample and stirred gently until the
solutions were homogenized. The samples were read at 510 nm against a blank using a
MULTISKAN GO microplate spectrophotometer (Model 51119300) and compared
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with the standard. A standard with a known concentration of catechin hydrate was used
for calibration of the curve (0-1000 pL). All values were expressed as the mean of three
replicates in milligrams of catechin hydrate (CH) equivalents per gram of tomato (fresh
weight).

Determination of antioxidant activity in tomato fruit

The radical elimination capacity (antioxidant activity) for tomato extract was
determined by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method modified from
Oomah et al. (2005) for use in microplates. Briefly, a solution of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (150 uM) was prepared in 80% aqueous methanol. The samples
or the standard (20 pL) were added to a 96-well flat-bottom visible-light plate
containing 200 pL of the DPPH solution. The plate was covered and left in the dark at
room temperature. After 120 min, the absorbance was measured at 480 nm in a
MULTISKAN GO microplate spectrophotometer (Model 51119300) at 30, 60, 90 and
120 min. For each sample or standard, a solution (20 pL) of 100 uM butyl
hydroxytoluene (BHT) was added to each well of the plate containing 200 puL of the
DPPH solution. Subsequently, the Trolox (6-hydroxy-[2,5,7,8]-tetramethylchroman-[2]-
carboxylic acid) water-soluble analogue was used to prepare the standard curve (range
0-200 pL). The activity was reported in milligrams of Trolox equivalent antioxidant
capacity (TEAC) per gram of tomato sample. To determine the antioxidant capacity of
Trolox by the FRAP method (ferric reducing antioxidant power assay), the tomato
extract was prepared in the same manner as for the DPPH method. Then, 20 pL of the
sample (in triplicate) were mixed with 280 pL of the FRAP reagent that was previously
prepared with 7.808 mg tripyridyl-s-triazine (TPTZ), 2.5 ml of 40 mM hydrochloric
acid, 25 ml of acetate buffer (1.8 g of anhydrous sodium acetate, 3.1 g of sodium acetate
trihydrate and 16 ml of glacial acetic acid, adjusted to 1 L) and 2.5 ml of FeCls. The
previously made mixture was allowed to rest for 120 min and was completely protected
from light. The samples were then read at 630 nm against a blank using a
MULTISKAN GO microplate spectrophotometer (Model 51119300; Thermo Scientific,
Vantaa, Finland) and compared with the standard. A standard with a known
concentration of Trolox was used for calibration of the curve (0-200 uL). All values are
expressed as the mean of three replicates in milligrams of Trolox equivalents (TE) per
gram of tomato.

Statistical analysis

The data were analysed using an analysis of variance (ANOVA). When significant
differences were detected, the means were compared using Tukey’s test (with P < 0.05)
in the Origin Pro 8.0 software (Origin Lab, USA).

Results

The composition of the LCAC was compared with the previously published
composition of three other composts from different production sources, and the results
are presented in Table 1. The N content of the LCAC was similar to the published
composition of other composts. The K content was 75% higher in the LCAC compared
with conventional compost (composted cow manure) and 6.78 times higher than in
municipal waste compost (MWC). The LCAC showed lower values of Zn, Cu and Mn
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than composted cow manure. In general, the nutrient content of the LCAC was as
acceptable for supplying crops with nutrients as conventional compost (composted cow
manure) and had a C/N ratio of 14.4, which indicates acceptable maturation of the
material that ants compost in their nests (Table 1).

Table 1. Comparison between ant compost and compost from different processing sources

LCAC Cow compost? Wood compost® MWC compost®
Chemical properties
pH 6.34 7.26 5.19 6.9
EC (dSm™) 6.3 3.5 5.73 12
N total (%) 1.9 1.49 1.16 1.25
P (P202) (%) 0.11 0.63 0.052 0.081
K (K20) (%) 1.56 0.89 0.16 0.23
Ca (%) 0.89 0.96 3.8 0.06
Mg (%) 0.22 0.3 3.33 0.03
Na (%) 0.95 0.62 - 0.12
S (%) 0.22 0.34 - 0.09
Fe (%) 0.92 0.85 0.05 0.41
Cu (ppm) 17.6 41.3 0.82 230
Mn (ppm) 533 855 14.59 240
Zn (ppm) 57.2 334 10.38 349
B (ppm) 22.9 18.8 - -
OM (%) 47.3 51.3 - 18.9
Organic C (%) 27.4 29.8 33.54 -
Ratio C/N 14.4 20 - 15

LCAC: leafcutter ant compost, MWC: municipal waste compost
2Avila-Juarez et al. (2015)

®Mladenov (2018)

‘Rajaie and Tavakoly (2016)

As can be seen in Table 2, the physical properties of the soil improved as the dose of
LCAC increased. The OM of the soil at any dose of LCAC was statistically higher than
the OM content of the initial soil and the control, reaching 4.1 times more OM in the
soil with respect to the control at the highest dose of LCAC per plant (Fig. 2), which
helped to improve the HC; at this high dose of LCAC, the HC was suitable for the soil
(0.8 cm h1). The tomato plants showed no deficiencies at any phenological stage, which
indicates that the release of the nutrients contained in the LCAC was rapid and timely,
even leaving residual acceptable levels in the soil (Table 2). In contrast, at the end of the
experiment, the application of chemical fertilizers left unused ions that can be leached
or accumulate over time and be harmful to the subsequent crop. For example, the
control treatment left 2.8 times more NOs™ and 4.84 times more S in the soil compared
with the high dose of LCAC (Table 2). These ions are noted here because the soil
cannot retain them given their negative charge, which easily leads to leaching and
contamination of groundwater.
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Table 2. Physicochemical properties of the soil before and after adding ant compost to a

tomato crop (in kg of LCAC per plant: Tlow = 0.792; Tmed = 1.3; Thigh = 1.84)

) Soil after
Soil before
Tiow Tmed Thigh Teontrol
Physical properties
SAT (%) 54.0 53.1 57.5 63.3 53.8
FC (%) 28.9 28.3 30.8 33.9 28.8
WP (%) 17.2 16.8 18.3 20.2 17.1
HC (cm h) 4.1 2.3 1.6 0.8 2.3
BD (g cm™) 1.0 0.9 0.8 0.8 0.9
EC (dSm™) 0.1 0.4 1.1 11 1.4
CEC (meq 100 g% 11.1 10.3 13.1 13.8 9.6
Chemical properties
pH (1:2 water) 6.7 6.0 6.3 6.2 5.8
IN (ppm) 35 21.0 33.7 37.2 106.7
P-Bray (ppm) 0.6 421 51.3 58.0 344
K (ppm) 173.0 290.0 605.3 638.3 385.0
Ca (ppm) 1557.0 1331.0 1604.0 1700.7 1184.0
Mg (ppm) 340.0 326.0 402.7 418.3 309.7
Na (ppm) 15.0 40.2 46.4 49.7 425
Fe (ppm) 7.3 5.2 7.5 9.6 4.8
Zn (ppm) 0.3 0.8 2.0 1.6 0.9
Mn (ppm) 20.8 18.6 32.7 44.0 7.2
Cu (ppm) 0.2 0.3 0.4 0.5 0.2
B (ppm) 0.1 0.3 0.3 0.4 0.4
S (ppm) 6.1 12.6 20.8 21.3 103.2
(a) . P (b) 64 ;
- O g 4 b
e ) 3 =
: ' % = i
2§ 2
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Tiow Trmed Thigh Teontrol s0il before
treatment

Figure 2. Ant compost increases the OM content of the soil. (a) Production of ant compost by
Atta mexicana. (b) Increase in OM in the soil by the application of ant compost. Doses of LCAC
in kg per plant: Tlow = 0.792; Tmed = 1.3; Thigh = 1.84. Mean =+ standard error, p < 0.001
with Tukey ’s test

In general, in all treatments where the LCAC was applied, the compaction was well
below the level considered moderate (more than 200 kPa). In fact, on average, these
treatments showed 18% less soil compaction than the initial soil. In the control treatment,
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conditions similar to the initial soil were observed with only a 1.8% increase in
compaction (Fig. 3). The treatment that reduced compaction to the greatest degree was
the dose administered at 0.792 kg of LCAC per plant, which is equivalent to 19.8 t ha™.

1400
1200
?.
= 1000
£ 800
=i
g
£ 600
g
5400 - = = = Tug
g 200 - e control
— - — - s0il before
0
0.08 0.15 0.30

depth (m)

Figure 3. Soil compaction at different depths as a result of ant compost before and after the
experiment (doses of LCAC in kg per plant: Tlow = 0.792; Tmed = 1.3; Thigh = 1.84)

In general, plant height was similar in the treatments with the medium (1.3 kg) and
high dose (1.84 kg) of LCAC with respect to the control. There was only one taller plant
at 57 DAT for the aforementioned treatments compared with the control (Fig. 4). The
total daily growth in the high LCAC treatment was 2.24 cm, which was not statistically
different from the control. We only found differences in plant height between the Tlow
and Thigh treatments, which have the lowest and highest doses of LCAC, respectively,
and therefore the lowest and highest nutrient contents. This finding may suggest that
high doses of LCAC provided sufficient levels of nutrients such as NPK that are
necessary to form plant biomass.

300 =
Tiow b 2:1 ab
g 250 Trned '
2 a
= B Thigh b % g 20
=1)] 200 x
'S M Teontrol
= a @
E 150 b 2 g b
‘s_i ]
L
Z 100
<
=
E 50| paaa
Q .1
0
25 57 95 123

days after trasplant (days)

Figure 4. Effect of the application of ant compost on plant height at different days after
transplant. Doses of LCAC in kg per plant: Tlow = 0.792; Tmed = 1.3; Thigh = 1.84.
Mean + standard error, p < 0.05 with Tukey s test
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According to our results, the application of LCAC at 19.8 t ha* (Tlow) or 46 t ha
(Thigh) at a density of 2.5 plants m? in a greenhouse tomato crop produced the same
yield (p < 0.05) as the application of chemical fertilizers. This finding indicates that ant
compost has a high nutrient content that is readily available to the plant (the LCAC was
applied one week before transplanting) (Fig. 5). For example, the high dose of LCAC
provided 19 kg of N for each ton applied, which is higher than composted cow manure
that provided 35 g of N per plant, whereas chemical fertilization provided 20.54 g of N
per plant (167 ppm NL™* for 153 days).

31 ab .
- I
= I
R
o
2 5
vy
=
2
> 11

0

Tiow Tied Thigh Teontrol

treatment

Figure 5. Tomato plant yield for different applications of ant compost. Doses of LCAC in kg per
plant: Tlow = 0.792; Tmed = 1.3; Thigh = 1.84. Mean + standard error, p < 0.05 with Tukey’s
test

There were no significant differences (p <0.05) in the content of total phenols,
flavonoids or antioxidant capacity in the LCAC treatments compared with the control.
The level of nutrients in the LCAC was sufficient, in terms of quantity and availability,
to avoid biochemical damage to the plant that could lead to a loss of nutraceutical
properties (Fig. 6).
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Figure 6. Effect of different doses of ant compost on the biochemical properties of tomato fruit.
Doses of LCAC in kg per plant: Tlow = 0.792; Tmed = 1.3; Thigh = 1.84. Mean and standard
error (n = 18 or more), p < 0.05 with Tukey’s test
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Discussion

The cell wall of plants is composed of cellulose, hemicellulose and pectin, which
represents 70% of plant biomass (Jergensen et al., 2007), as well as macro and
microelements (Bolan et al., 2010) and some trace elements (Faridullah et al., 2014).
The fungus L. gongylophorus has developed the ability to produce lignocellulases,
pectinases, amylases and cellulases that disintegrate plant matter (Aylward et al., 2013)
into more soluble compounds (Huang et al., 2014), simultaneously lysing the cell by the
penetration of their hyphae and releasing the nutritional content of the leaves, including
N, P, K and Ca. This finding suggests that the LCAC contains the necessary nutrients to
meet the nutritional demands of a tomato plant. In terms of yield, the treatments with
LCAC at low and high doses were not significantly different from the control treatment
(with soluble fertilizers). Given the need to take advantage of agricultural waste, various
treatment techniques have been developed such as vermicomposting, anaerobic
digestion and various composting strategies (Altuntas et al., 2018; Irshad et al., 2013;
Nayak and Kalamdhad, 2014; Yardimci, 2013). In the case of LCAC, composting is
performed as part of the symbiotic relationship between the ants of the genus Atta,
among other genera, and the fungus L. gongylophorus. Although it is not clear when
this symbiotic relationship developed, we are certain that it was hundreds of years ago.
The production of the ant waste we refer to as “ant compost” is very similar to a solid
state reactor because the fungal garden produces not only biomass as a raw material but
also a series of microbial secretions, enzymes and hydrolysis products; the ants prepare
the plant substrate to feed the system, and the cellular mass is continuously
reinoculated, naturally producing waste material (ant compost) (Somera et al., 2015).
One of the sterilization phases in the composting process is the thermophilic phase, in
which a large quantity and variety of microorganisms that can damage the plant die.
However, in this high-temperature phase (above 40 °C) (Chen et al., 2011), it is
common for some of the nitrogen to volatilize in the form of ammonia, particularly
when the pH is close to 7 (Tam and Tiquia, 1999). In the LCAC, the pH was 6.34. The
higher N content (27% more than composted cow manure) may explain the good pH
regulation maintained by the ants in their nests (by an as yet unknown process). The
ratio of C/N at the end of the composting process is one of the most frequently
measured indicators of stability. In general, the C/N ratio decreases as the compost
matures due to the loss of carbon in the form of carbon dioxide (Raj and Antil, 2011,
Wichuk and McCartney, 2010). A C/N ratio below 20 is adequate for a mature compost;
however, a C/N ratio lower than 15 is more desirable (Raj and Antil, 2011). The LCAC
had a C/N ratio of 14.4 before being applied, whereas composted cow manure has a
ratio of approximately 20 (Avila-Judrez et al., 2015). The low C/N ratio of ant compost,
together with the decrease in OM, explains the higher degree of maturity in the LCAC
because when the OM is lost, the dry weight is reduced and the proportion of C/N
decreases (Bernal et al., 2009). Although the C/N of any compost depends on the input
used, in the case of the ants, this ratio depends fundamentally on the type of forage
harvested by the ants (Huang et al., 2014). The levels of N and C in the LCAC suggest
that there is little loss of these two elements, possibly because the composting process
occurs in partially closed underground chambers. EC has been proposed as an indicator
of compost stability, and its lower limit should be 3 mS m™* (Gao et al., 2010) with a
maximum of 4 mS m (Chowdhury et al., 2013). The EC of ant compost was 6.3 mS m"
! which is 80% higher than composted cow manure and 52.5% less than the MWC.
Because EC is the content of soluble salts in the compost (Gao et al., 2010), the ant
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compost had a higher content of available nutrients for the plant compared with
composted cow manure, which is reflected in the similarity of yields found in the
treatments with medium and high doses and compared with the control, in which
soluble chemical fertilization was applied. We believe that the limits of EC that have
been established to indicate whether a compost is mature and stable should be a
function of the quality and quantity of its components (nutrients) and not the EC of the
compost because there are elements such as Na that elevate the EC without being
essential or beneficial for the plant. In fact, the fewer trace elements or Na that a
compost contains and the higher the proportions of essential elements, the greater the
EC of a compost, which translates into less application to the soil needed to meet
nutritional demands.

Compost has been used for many years as a fertilizer due to its ability to increase soil
health (Arslan et al., 2008; Canali et al., 2011); promote the increase in aggregates,
structure and fertility of the soil; increase the population of beneficial microorganisms;
and increase the water-holding capacity and cation exchange (Angelova et al., 2013;
Arslan et al., 2008). The HC serves as an indicator of the movement of water and
solutes in the soil. If the HC is below 0.5 cm hl, drainage can be compromised causing
possible root problems (Saunders et al., 1978). However, there are problems with water
retention and the loss of nutrients to the subsoil. The HC was decreased in treatments
with compost, up to 0.8 cm h for the high dose, as has been found with the use of
conventional compost (Angelova et al., 2013; Arslan et al., 2008). This finding is
mainly because the treatment with the high dose contained four times more OM than the
control, which caused an 80% reduction in the HC and improved water retention as
evidenced by the FC, which had increased by 17.3% at the end of the experiment. Our
results confirm that the OM in the soil has an impact on the percolation of water
through the soil and increases the water-holding capacity (Uzoma et al., 2011). In
contrast, the absence of OM in the soil causes, in addition to salt accumulation, a
decrease in SAT as observed in the control and the treatment with a low dose of
compost. Similar patterns were observed for FC and the WP, possibly as a result of a
very high HC (2.3 cm h'), which was derived from an absence of OM in the soil.

A common practice among farmers is to add compost one month before transplanting
so that the soil microorganisms can help release/solubilize the nutrients present in the
compost and make them available for the development of the plant. In the case of the
LCAC, it was not necessary to allow a significant period of time before transplanting (it
was added one week before), because it possessed a high EC. As mentioned previously,
the EC measures the amount of soluble salts present in the sample. It has been observed
that when compost is added to the soil, there is a high level of N in the form of NH4",
and through the process of nitrification, H" ions are released, which causes a decrease in
the pH of the medium (Shen et al., 2011). The pH of the LCAC was 6.34, and at the end
of the experiment, the pH of the soil was 6 to 6.3 at the different doses used, which was
well above the control treatment. It is possible that in the Atta mexicana fungal garden,
the nitrification process is operating because the plants in our experiment showed no N
deficiencies or toxicity. The concentration of P in the LCAC was almost six times lower
than that reported for compost (Avila-Juarez et al., 2015). However, at the end of the
experiment, the treatments with LCAC had more P than the control, which indicates that
the P present was sufficient for plant growth and was immediately available because the
P of a compost recently applied to the soil is typically immobilized by soil
microorganisms, which leads to low availability to plants (Barral et al., 2011). This
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finding confirms that when the LCAC was applied, there was no need for nutrient
transformation from a poorly soluble state to a more soluble state by soil
microorganisms, as is the case with conventional composts. However, the high
availability of P for the tomato crop was the result of the adequate pH of the LCAC,
because pH values below 6 and above 7.5 directly affect the availability of P (Fuentes et
al., 2006). The increase in Ca in the soil increases with the dose of the compost (Ch’ng
et al., 2014), which was reflected in the treatments with LCAC. The highest Ca content
in the soil at the end of the experiment was observed in the high-dose LCAC treatment
(46 t hal). This result can be attributed to the relatively high concentration of Ca in the
compost before being applied to the soil and to the relatively high initial concentration
that the soil possessed before the experiment (1557 ppm). The high concentration of K
in the soil, which was also dose-dependent, was a product of the high concentration of
K in the compost (1.56%) and its release during the decomposition of the OM in the
“fungal garden”. The highest concentration of K in the soil (638 ppm) was obtained
with a dose of 46 t ha® of LCAC, which is 1.65 times more than with chemical
fertilization, suggesting that there is residual K available for the next crop and that less
LCAC could be used for the next cycle. The increase in Mg, Fe, Zn, Mn and Cu in the
soil can be attributed to the release of these elements during the
decomposition/mineralization of the compost in the “fungal garden”. Similar results for
the content of OM, C, N, P, Ca, K and Mg have been reported (Farji-Brener and
Ghermandi, 2008). This increase is to be expected because the leaves collected by the
ants are important stores of nutrients that plants take up from the soil. These nutrients,
derived from the enzymatic processes mentioned above, are released into more soluble
forms and concentrated in the nests of the ants and are derived from the reduction in the
biomass collected.

For millennia, compost has been used for soil remediation and as an amendment to
add nutrients for crops (Indriyati, 2014). Our results show that there was no significant
difference in the plant height between the LCAC treatments and the control at the end of
the experiment (123 DAT). However, the content of major nutrients such as NPK with
an LCAC dose of 19.8 t ha™* (Tlow) was not sufficient to meet the nutrient demands of
the tomato crop because there was a significant difference in yield (410 g plant™?) with
respect to the control. This result was confirmed by the yields of the tomato fruit (fresh
weight) from the high and medium dose treatments of LCAC, which were not
statistically different from the control. The quantity (kg) of fertilizer supplied by the
nutrient solution (Steiner, 1984) during the experiment for the tomato crop were N:770,
P:143, K:1278, whereas for the high LCAC dose (46 t hat), they were N:874, P:50.6,
K:718. The P level in the nutrient solution was 2.8 times higher than the P level of the
high-dose LCAC; however, P did not limit the yield from tomato cultivation. In
contrast, the contribution of OM from the LCAC may have reduced the HC, resulting in
less leaching of nutrients such as P and K, because after the experiment the residual P
and K in the soil was higher than in the soil with the nutrient solution. Our results
suggest that a) the variety and quantity of nutrients present in the LCAC are sufficient
(at Tlow and Thigh) to grow a tomato crop without the need for inorganic fertilizers and
b) the nutrients present in the LCAC are highly soluble and can be immediately taken
up by the plant once the tomato root has contact with the LCAC. Our results concur
with other previously published studies on the growth surrounding Acromyrmex ant
nests, which are very similar to those of Atta mexicana, which concluded that the
nutrient content of the ant waste is high enough to satisfy the demands of a plant (Farji-
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Brener and Werenkraut, 2017; Farji-Brener and Ghermandi, 2008; Saha et al., 2012).
However, we found no significant differences in total phenols, flavonoids or antioxidant
activity via DPPH or FRAP in any of the compost treatments compost compared with
the control. This finding indicates that the dose of LCAC used does not modify the
secondary metabolism of the tomato plant.

Conclusions

In summary, we discovered that the symbiotic relationship between the ant Atta
mexicana and the fungus L. gongylophorus produces a product very similar to the
conventional composted cow manure produced by humans. Given the nutritional
characteristics and other indicators such as the C/N ratio found in ant waste, it is
inferred that the ants facilitate a process similar to that of the composting activities that
have been performed by humans for many years. In fact, the LCAC was able to satisfy
the nutritional demands, in terms of quality and quantity of nutrients, of a tomato crop
without the need for inorganic fertilizers. The LCAC increased the amount of OM and
provided nutrients to the soil as does a conventional compost. Atta spp. are excellent
nutrient recyclers and maintain an ecological balance in the environment by producing a
high-quality compost that is available to plants. For future research, we recommend
analyzing the effect of LCAC on the soil for a longer period of time, such as 3 years, as
it may, according to our results, positively modify the soil by supporting the recovery of
eroded soils without the use of physical structures or plant-based nutrient contents.
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