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ABSTRACT

In Brazil, approximately 3 tons of dry mass per hectare of coffee residues (CR), formed by leaves and branches <5 mm in diameter, were accumulated
around the crops in the last harvests of the semi-mechanized crops. Thus, the production of substrates and organic fertilizers from the bioconversion of
residues of coffee activity is an important theme in Brazil and in the world. The objective of the study was to investigate the effectiveness of the tropical
millipede Rhinocricus botocudus on the degradation and maturity of coffee residues (CR). The presence or absence of R. botocudus were tested in five
sampling times (0, 30, 60, 90, and 120 days) with three replicates (n = 3). The analyzed variables were: total C and N contents, lignin, cellulose, soluble C
and N, soluble polyphenols, C of humic substances, and infrared analysis of humic acid (HA) and fulvic acid (FA). At the final incubation stage (120 days),
the lowest values of cellulose, cellulose/lignin, and polyphenols occurred with R. botocudus. Infrared analysis of HA demonstrated that readily biode-
gradable structures, such as alcohols and short chain aliphatic molecules, were decomposed over time, consequently reflecting the increase of aromatic
structures of greater stability. Compared to the control, these changes in HA were more evident in the presence of R. botocudus. The results of the present
study suggest that this millipede species modify the dynamics of degradation and humification of CR by accelerating the maturity of this residue.
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1 Introduction

Brazil, the second largest producer of Robusta coffee
(Coffea canephora) in the world, produces a large amount
of waste from the harvest and processing of its fruits.
Approximately 3 tons of dry mass (DM) per hectare of
coffee residues (CR), formed by leaves and branches <5 mm
in diameter, basis of calculations in Braganca et al. (2010),
accumulated around crops in the last harvests of the semi-
harvests mechanized. Faced with this high quantity of CR,
its disposal has become an important economic, social, and
environmental problem in Brazil and in the world.

CR is a recalcitrant material, with low degradability,
when compared to other organic wastes (Tortosa et al., 2012,
Subhedar; Gogate, 2014, Yan et al., 2015) and it presents some
disadvantages for its direct use in soil management or other
agronomic purposes: (1) high levels of phytotoxic polyphenols;
(2) high levels of recalcitrant structural components (e.g.,
lignin and cellulose); and (3) low density (dry basis) that will
affect its use. Due to the high levels of organic matter and some
nutrients (e.g., K, Ca), CR could be recycled as a promising
alternative to produced organic substrates and fertilizers.

Millipedes (Diplopoda class) are terrestrial arthropods
that can be used to optimize the bioconversion of residues in
organic fertilizers (Karthigeyan; Alagesan, 2011; Ramanathan;
Alagesan, 2012; Sridhar; Ambarish, 2013; Antunes et al.,
2016). Most species are detritivorous and preferentially
feed on plant residues (litter fall) with contrasting chemical
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compositions (Semenyuk et al., 2011; Ambarish; Sridhar,
2013; Svyrydchenko; Brygadyrenko, 2014). These animals,
fragment the organic residues mechanically when feeding,
increasing their surface area and, consequently, favor the
growth and biochemical microbial performance (Rawlins et al.,
2006). The excreta are constituted of undigested plant tissues,
mineral particles, microorganisms, and have higher pH values,
as well as higher water retention capacity, when compared to
structured litter fall (Tajovsky et al., 1992).

The Rhinocricus botocudus (Rhinocricidae) species is
relatively small compared to its congeners (53-80 mm and 8.0-
10.3 mm) (Schubart, 1962) and are widely found in the State’s
Robusta coffee plantations of Espirito Santo, Brazil, where they
feed on coffee litterfall (personal observation). The population
density in these crops ranged from 0 to 60 individuals per n?,
presenting a maximum dry matter mass of 36 g m? Under
laboratory conditions, CR consumption of dry matter 190 mg
individual day' was observed. The consumption observed in the
laboratory is considered high for the tropical millipede species
(Bianchi; Correia, 2007), and this can be explained by the high
calcium content in the CR, associated to the high demand that
they have for this chemical element for the production of the
calcified exoskeleton (Hopkin; Read, 1992; Kalisz; Powell, 2003).
However, despite the great potential and importance, there is still
little literature on decomposition with tropical millipede species.

The CR is a residue with high lignin and cellulose
contents. Lignin is a very complex three-dimensional molecule
and is the most recalcitrant structural component of the plant
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cell wall (Taherzadeh; Karimi, 2008). Cellulose is a polymer
of glucose formed by units of cellobiose (Delmer; Amor,
1995). In general, higher content of the lignin-cellulose
complex in organic waste results in slower degradation by
microbial extracellular enzymes (Buswell; Odier, 1995;
Parthasarathi et al., 2016). Due to the strong interaction
between microorganisms and millipedes, these invertebrates
influence the degradation dynamics of structural components
in organic wastes; however, there are no studies on the
influence of tropical millipedes on the decomposition of these
components in CR.

In the case of humification processes in residues,
humic substances (HS) are important components of organic
matter that directly and indirectly favor the growth of plants
(Stevenson 1994; Nardi et al., 2002; Plaza et al., 2008). The
HS are formed mainly by humic acids (HA) and fulvic acids
(FA), and these fractions are used to study the dynamics of HS
transformation in controlled processes of waste decomposition
(Dias et al., 2010; Antunes et al., 2015). Fourier transformed
infrared spectroscopy (FTIR) is a widely used analytical
method to monitor transformations in functional HA and FA
groups in composting and vermicomposting processes (Baddi
et al., 2004; Huang et al., 2006; Zhou et al., 2014; Antunes et
al., 2015); however, FTIR studies on HS fractions in waste
decomposition processes with tropical millipedes are limited.

Additionally, the maturity of organic matter can be
tested by means of the study of certain variables considered as
indicators in decomposition processes, e¢.g. C content (soluble
and total) and soluble polyphenols (Bernal et al., 1998; Castaldi
et al., 2008; Dias et al., 2010; Antil et al., 2013); however,
these should be considered in conjunction with other variables,
such as the HA/FA ratio and spectroscopic analyses.

The objective of the study was to investigate the effectiveness
of the tropical millipede R. botocudus on the degradation and
maturity of CR. The hypothesis of this study is that in 120 days of
incubation, the millipede R. botocudus optimizes the decomposition
and maturity of CR, promoting greater degradation of recalcitrant
components of OM (e.g., lignin, cellulose, polyphenols) and also
increasing the HA/FA ratio and aromatic compounds of greater
stability within HA and FA.

2 Materials and Methods

2.1 Incubation with Rhinocricus botocudus

The experiment was conducted under laboratory
conditions with adults of R. bofocudus. In July 2015, millipedes
were collected for the installation of the Robusta coffee crop
experiment in the municipality of Linhares, state of Espirito
Santo, Brazil (19° 23 ‘28 “S, 40° 04’ 20” W). The region has
tropical Aw climate, presenting a rainy season in the summer
and dry in the winter, and it has an average annual rainfall of
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1160 mm and average temperature of 25°C. The soil of the
locality was classified as a Oxisol (USDA, 2013).

The coffee residues (CR) used comprised the leaves
and branches <5 mm in diameter. This residue was collected
30 days after its pruning for the semi-mechanized harvest
of Robusta coffee in Linhares-ES, Brazil (19°15°67” S,
40°01°93”W). The physicochemical characteristics of the CR
used are present in Table 1.

Table 1: Physical-chemical characterization of the coffee
residue used in the study.

Attributes Coffee Residue
Moisture (%) 10.6
pH 7.6
Density (dry mass) 0.1
EC (dS m™) 1.4
Phosphorus (g kg™) 3.5
Potassium (g kg™) 14.3
Calcium (g kg™) 30.6
Magnesium (g kg™') 6.6

The containers, consisting of 48.7 x 25.7 x 18.9 cm
styrofoam boxes, were filled with a layer of 12.6 L of CR.
The volume of material was measured by means of the scales,
and for this purpose, its density was previously determined.
Density was performed by adding CR in a container with
a known volume and measured on a scale, then this weight
was divided by the volume. To reduce the sampling error, ten
repetitions were performed.

The experiment was set up in a completely randomized
design (2 x 5 factorial scheme and two conditions of invertebrates
with and without millipedes), using five sampling intervals (0,
30, 60, 90, and 120 days) and three replicates (n = 3). For the
millipede level (MILI), the containers received 25 g of fresh
adult weight of R. botocudus (approx. 16 = 1 individuals or 10 g
dry mass). This amount was determined based on a preliminary
test of CR consumption by R. botocudus and according to
Karthigeyan and Alagesan (2011). The control level (CONT)
consisted of containers incubated without R. botocudus.

The containers were covered with black porous fabric,
and the experiment was carried out in the dark in an environment
with controlled temperature at 25 + 2°C. The humidity was
determined and adjusted to 50% throughout the experiment
(dry basis), but oscillations were checked. This moisture was
corrected by means of mathematical calculations from samples
taken every 15 days (approx 2 g of fresh material) and drying
in an oven. The containers were moistened daily with distilled
water. The samples were collected at initial time, 30, 60, 90,
and 120 days of incubation.
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2.2 Extraction of humic substances

Humic substances (HS) were extracted according to
procedures adapted from Huang et al. (2006) and Zhou et al.
(2014). Samples previously dried in air were extracted with NaOH
(0.1 mol L") with solid:extraction solution ratio of 1:10 (m/v, dry
mass basis) after shaking for 24 hours. The supernatant, which
contains the humic substances, was collected after centrifugation
at 8000g for 15 minutes. This procedure was repeated twice, and
for each sample, the extracts were combined in the same vessel.
The pH of the extract was adjusted to 7.0 with HCI (0.5 mol L"),
and the organic C analysis of HS was performed according to
Walkley and Black (1934). The separation of humic acid (HA) and
fulvic acid (FA) was performed as follows: the pH of the extract
was adjusted to 1.0 with HCI (3 mol L") and was kept for 12
hours at a temperature of 4 °C. Subsequently, it was centrifuged at
8000g for 15 minutes. The precipitate contained the HA, while the
supernatant contained the FA. The FA was separated in another
vessel, and the HA was washed with HCI (0.05 mol L") twice.
The pH of both fractions was adjusted to 7.0, and organic C was
determined according to Walkley and Black (1934). Remaining
HA and FA samples were lyophilized, obtaining a solid mass and
used for FTIR analysis.

2.3 Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was performed for the 0, 60, and 120
days periods of incubation. This analysis was performed by
transmission in a sample diluted in potassium bromide (KBr).
The pellets were prepared by adding 180 mg KBr to 4 mg
of lyophilized HA or FA. Subsequently, they were ground
in a mortar until the mixture became homogeneous. This
mixture was placed on a conventional pastillator (13 mm in
diameter) and pressed at 10 t cm™. Samples were scanned in a
range between 4000 and 500 cm™! using Tensor 27 equipment
(Bruker), equipped with Opus 6.5 software.

2.4 Organic matter (OM), lignin, cellulose, total
organic C (TOC), and total (TN)

In pre-dried samples from all stages of incubation, OM
content was determined in a muffler oven at 550 °C. Analyses
of TOC and TN were done with an Organic Elemental
Analyzer, Flash 2000 (Thermo Scientific).

The lignin and cellulose contents were determined
by the acid detergent fiber (ADF) method of Van Soest and
Wine (1968), which is based on the separation of the different
constitutive fractions of the material using specific reagents
called detergents. H,SO, and cetyltrimethyl ammonium
bromide (CTAB) were used to eliminate starch and nitrogen
compounds, thus leaving lignin, cellulose, and ash. The
cellulose was removed by H, SO, (72%), and the lignin was
determined by weight difference, subtracting the ash by
burning at 550 °C in a muffler oven (Anderson; Ingram, 1996).

2.5 C soluble in water (CSW), N soluble in water
(NS) and soluble polyphenols (SP)

For the determination of CSW, NS and SP, samples from
all stages of incubation were previously oven dried (65 °C) and
ground in a mill (<2 mm). For the determination of CSW and NS,
extraction with distilled water (ratio 1:10, m/v) was performed by
shaking for 24 hours. The extracts were centrifuged at the speed
of 8000 rpm, for 10 minutes and then filtered. The content of
CSW was determined by oxidation with potassium dichromate
(0.33 mol L) and titration with ferrous sulfate heptahydrate (0.4
mol L") and diphenylamine indicator (Ciavatta et al., 1991). The
NS content was determined by the Kjeldhal method (adapted
from Bremner; Mulvaney, 1982; Tedesco, 1995).

For determination of SP, the extraction was performed
from 100 mg of sample mixed with 40 mL of methanol (50%)
kept at 77-80 °C for one hour. The final concentration was
determined colorimetrically (760 nm) using the Folin-Denis
reagent and tannic acid as standard (Anderson; Ingram, 1996).

2.6 Statistical analyses

The analyses were performed in three replicates (n =
3), and mean values and standard errors were presented. Data
were submitted to analysis of variance (ANOVA), and the LSD
test (p < 0.10) was used to determine significant differences
between treatments. Statistics was based on Sisvar software.

3 Results

3.1 Decomposition of OM, TOC, TN, lignin and
cellulose during CR incubation

During CR incubation, the OM contents decreased (p <
0.01), and there was no difference between treatments (Table 2).
It is noteworthy that, in both treatments, the decreases were low,
around 4% of the initial value. TOC levels decreased (p <0.001)
throughout the incubation period, while N levels increased (p
< 0.05) (Table 2). There was no difference between treatments
for TOC and TN contents (p > 0.05). During the initial stage of
decomposition (0-30 days), TOC levels decreased in proportions
from 3.5 to 4.3%, and these proportions generally decreased
over the incubation period.

The reduction in TOC content associated with the
increase in TN contents resulted in a decrease (p < 0.01) in the
C/N ratio in both treatments. At the end of incubation (120 days),
there was no difference for the C/N ratio between treatments.
During this period, values of C/N ratio of 19 and 18 occurred for
control and treatment with R. botocudus, respectively.

The decomposition of the lignin contents of CR is
presented in Table 3. Time effects were observed in both
treatments (p < 0.0001), as there were increases of 4 and 21%
at the end of incubation (120 days) for the treatment control
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and with R. botocudus, respectively. At the 90 days sampling,
there were differences (p < 0.001) with higher levels of lignin
in the treatment with R. botocudus compared to the control.

For the cellulose contents, time effects occurred in
both treatments (p < 0.0001) (Table 3). For the control, these
contents increased during the incubation. For the treatment
with R. botocudus, a reduction was observed for the third
month of incubation, and at 120 days, a reduction of 5%
was observed in relation to the initial value. At 90 days, the
treatment with R. botocudus had lower levels of cellulose
compared to the control.

The CR initial cellulose/lignin ratio was 0.80, and at the
end of incubation (120 days), values of 0.92 and 0.63 occurred
for the control and R. bofocudus treatments, respectively
(Table 3). At 90 days of incubation, smaller values for this
ratio (p < 0.0001) were found in the presence of R. botocudus
in comparison to the control.

3.2 Decomposition of soluble C in water (CSW),

C/Ng,,....r @nd soluble polyphenols

In both treatments, the levels of CSW decreased (p
< 0.0001) throughout the incubation period, and the highest
reductions occurred in the first 30 days (Figure 1a). After 60
days, the treatment with R. bofocudus presented lower (p <
0.10) CSW content compared to the control. At the end of
incubation (120 days), the mean contents were 5.5 and 4.2 g
kg'! for the control treatments and with millipedes, respectively.

There was a significant reduction (p < 0.0001) of the
soluble C/N ratio over time for both treatments (Figure 1b).
At the end of incubation (120 days), the treatment with R.
botocudus presented the lowest (p < 0.06) soluble C/N ratio,
with a value of 10.5.

The decomposition of the soluble polyphenol contents
of the CR showed a pattern similar to the CSW, characterized
by a considerable decrease during the first 30 days of the
incubation (Figure la). After 60 days, the treatment with R.
botocudus presented lower (p < 0.001) polyphenols content
than the control.

3.3 Humic substances (HS)

In both treatments, the C of HS decreased (p < 0.0001)
for the incubation period (Figure 2a). After 30 days, the C of
HS was lower (p < 0.001) in the treatment with R. botocudus
compared to the control. The proportions of reductions
were 30 and 52% for the control and millipede treatment,
respectively.

The increase in C levels of HA, associated with the
strong reduction of C of the FA, resulted in an increase (p
<0.0001) in the HA/FA ratio in both treatments throughout
the incubation (Figure 2b). After 60 days, treatment with R.
botocudus showed a higher (p < 0.05) HA/FA ratio compared
to control. At 120 days, the treatment with millipedes
presented an HA/FA ratio of 2.9, while the control presented
a value of 2.2.

Table 2: Mean values of OM, TOC, and TN in different incubation times of CR with and without R. botocudus.

) OM (%) TOC (g kg™) TN (g kg™ C/N Ratio
Time (days)

CONT MILL CONT MILL CONT MILL CONT MILL

0 91 £0.2 91 +0.2 428 +1.3 428 +1.3 22 +0.4 22 +0.4 23 +0.5 23 +0.5

30 90 +0.1 90 +0.1 410 +£3.7 413 +0.3 23 +0.9 23 +0.3 21+0.9 21+0.2

60 89 +0.6 89 +0.4 419 £1.2 421454 25 +0.4 21 +0.9 20 +0.3 24 +1.3

90 87 1.5 88 +£0.4 405 +5.2 408 +4.0 25+0.8 24 +0.7 19 +0.7 20 +0.7

120 87 £0.5 88 £0.5 404 £3.4 406 £2.5 26 £0.7 27 £1.6 19 +0.7 18 £1.0

OM: Organic matter; TOC: Total organic carbon; TN: Total nitrogen; CR: Coffee residues. Analysis of variance (ANOVA) and the LSD test (p <0.10)

was used to determine significant differences between treatments.

Table 3: Cellulose, lignin, and cellulose/lignin ratio in different incubation times of CR with and without R. botfocudus.

) Cellulose(g kg™!) Lignin (g kg") Cellulose/lignin
Time (days)
CONT MILL CONT MILL CONT MILL

0 304 £2.6 304 £2.6 382+5.4 382+5.4 0.80 £0.007 0.80 +£0.007
30 293 £0.2 299 £5.1 431 +3.0 434 +4.4 0.68 +£0.005 0.69 +0.025
60 306 £7.1 348 £7.7 429 +0.4 414 1.5 0.71 £0.016 0.84 £0.010
90 359455 326+£5.1 423 +4.5 458 4.0 0.85 +0.009 0.71 £0.015
120 366 1.4 290 £5.0 398 +4.3 462 +2.4 0.92 +£0.021 0.63 £0.010

CR: Coffee residues. Analysis of variance (ANOVA) and the LSD test (p < 0.10) was used to determine significant differences between treatments.
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Figure 1: (a) Changes for soluble carbon in water (CSW) - continuous line and soluble polyphenols (SP) - dashed line; and (b)
changes in soluble C/N ratio during CR decomposition under the influence of the millipede R. botocudus. Analysis of variance
(ANOVA) and the LSD test (p < 0.10) was used to determine significant differences between treatments.

3.4 Fourier transform infrared spectroscopy (FTIR)

3.4.1 Humic acid (HA) bands

The changes along the incubation for HA are presented
in Figure 3. The main absorbance bands with their respective
assignments are presented in Table 4. In both treatments,
there were decreased in intensity over time for the following
absorbance bands: wide bands ranging from 3408-3404 cm’!
(O-H stretch); peaks at 2926 cm™ (aliphatic C-H groups); and
small peaks of 1122-1119 cm™ (aliphatic CH, groups). On the
other hand, intensity increases occurred for acute peaks of
837-834 cm™ (CH of aromatic compounds). All these changes
were, in general, more evident in the presence of R. botocudus
compared to the control treatment, and most of these changes
were noticed as early as at 60 days.

In addition, strong absorption occurred around 1000-
999 cm! (C-O polysaccharides). For this interval, increases

occurred throughout the incubation for the control treatment.
In the treatment with R. botocudus, these peaks had a strong
increase at 60 days, followed by reduction at 120 days.

3.4.2 Fulvic acid (FA) bands

The FA spectra are shown in Figure 4 in control and during
different stages of incubation of coffee residue with millipedes R.
botocudus (initial time, 60 and 120 days). The absorbance bands
with their assignments are shown in Table 5. In both treatments,
there were decreases of intensity over time for the following
absorbance bands: peaks at 2940 cm™! (aliphatic C-H groups);
1609-1602 cm! bands (N-H strain + C = N stretch, amide II);
and small peaks of 1123-1121 cm™ (aliphatic CH, groups).
Only for peaks at 2940 cm™ and 1609 cm’, the intensity
reductions were more evident in the presence of R. botocudus,
and, throughout the incubation, the other bands showed similar
tendencies between treatments.
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Figure 2: (a) Changes in the C content of the extractable humic substances and (b) in the HA/FA ratio during CR decomposition
under the influence of the millipede R. bofocudus. Analysis of variance (ANOVA) and the LSD test (p < 0.10) was used to
determine significant differences between treatments.
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Figure 3: FTIR images of humic acid during different stages of incubation of coffee residue (CR): control (a); and with millipedes
R. botocudus (b).
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Table 4: Main bands of humic acid in FTIR spectra

Wavelength (cm™)

Assignment

3408-3404
2926
1662-1661
1620
1454-1450
1359-1355
1122-1119
1089-1081
1000-999
837-834

O-H stretch of hydrogen bond in carboxylic groups, Alcohols and phenols
aliphatic C-H stretch; methyl and methylene groups; lipids and fats
C = Ostretchofamide (amide I), C = O of quinone and, or C = O bound to the H of conjugated ketones
C=C stretch of aromatic compounds
Aliphatic C-H stretch and of methyl groups
OH deformation and C-O stretch of phenolic OH, C-H deformation of CH,and CH,
symmetrical bonds of aliphatic CH, and OH
C-O stretch of polysaccharides
C-O stretch of carbohydrates and polysaccharides

C-H in aromatic compounds

1602 @
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Figure 4: FTIR images of fulvic acid during different stages of incubation of coffee residue: control (a); and with millipedes R.

botocudus (b).

Table 5: Main bands of fulvic acid in FTIR spectra.

Wavelength (cm™)

Assignment

3413-3407
2940
1609-1602
1387-1384
1123-1121
767
617

O-H stretch of hydrogen bond in carboxylic groups, Alcohols and phenols
aliphatic C-H stretch; lipids
Stretching of the aromatic C = C bond sand, or N-H deformation + C = N stretch (amide II)
OH deformation and C = O stretching of phenolic groups, C-H deformation of CH, and CH,, stretching COO-
C-O stretch of polysaccharides
CH deformation of aromatic groups

C-C mono substituent on aromatic rings

4.1 Decomposition of OM, TOC, TN, lignin, and
cellulose during CR incubation

4 Discussion to works that used other types of residues (Bernal et al.,

1998; Grigatti et al., 2004). In the case of lignocellulosic
residues such as CR, the decreases of OM and C are lower

when compared to other labile and biodegradable residues

The decreases in OM and TOC contents are considered ~ (Dias et al., 2010). In a study of organic composting with
low for controlled decomposition processes, as compared lignocellulosic residue of grape marc, no significant changes
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were observed in the contents of OM and C, over the 150 days
of incubation (Paradelo et al., 2013). In the current study, the
low decomposition level of the organic matter may be due to
the high proportion of lignin from CR, which confers high
resistance to enzymatic degradation.

The highest losses of TOC in the initial stage of
incubation (0-30 days) should be related to the utilization of
easily biodegradable organic matter by microorganisms (Huang
et al., 2006). To the extent that readily biodegradable materials
were used, degradation rates became slower, since more complex
organic compounds (e.g., lignin, cellulose) could have become
source energy and nutrition sources for microbial activity
(Yamadav; Kawase, 2006; Zhou et al., 2014). The organic C
losses and consequent reductions in the mass of CR, promoted
increases in total N contents, due to a possible concentration
effect of this chemical element (Dias et al., 2010).

The C/N ratio is one of the main indicators used to
evaluate the maturity of organic residues in decomposition
processes (Bernal et al., 1998; Fernandez-Gomez et al., 2010;
Dominguez; Goémez-Brandon, 2013; Sridhar; Ambarish,
2013). In the present study, C/N ratio was less than 20, in both
treatments, at 120 days. It is indicative that the substrates were
stable and mature (Hirai et al., 1983).

The increase that occurred for lignin contents at 120
days suggests a concentration effect of this macromolecule for
the incubation period used in the present study (four months).
Lignocellulosic residue decomposition (grape marc) increased
lignin contents up to the fourth month, as degradation has
started at fifth month of incubation (Paradelo et al., 2013).

The highest increases in lignin contents with the
presence of R. botocudus after 90 days showed that this species
optimized the concentration effect of this macromolecule. At
120 days, CR density was 0.14 and 0.26 Mg m™ for control and
treatment with R. botocudus, respectively. This result showed
that, during the incubation, the consumption of leaves mainly
compacted to CR biomass as excreta, increasing its density
considerably (2.7 times the initial value).

The reduction in cellulose contents and the lower
values of R. botocudus at 90 days showed the potential of
this millipede species for the degradation of CR structural
compounds. The degradation of structural components (e.g.,
cellulose, hemicellulose) of organic residues by millipedes
are mediated by symbiotic microorganisms and/or directly
by the metabolism of these macroinvertebrates (Colteaux
et al.,, 2002). Taylor and Crawford (1982) observed that
cellulose degradation, in the midgut of millipedes, was
done by populations of aerobic microorganisms. On the
other hand, after bacteriostatic treatment, enzymatic activity
(e.g., xylanase, cellulase) was verified in the intestine of the
millipede Glomeris hexasticha, indicating that these enzymes
can be produced directly by these invertebrates (Urbasek;
Tajovsky, 1991).
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The cellulose/lignin ratio is an accurate indicator
of maturity in controlled processes of organic waste
decomposition (Komilis; Ham 2003; Paradelo et al., 2013).
The value of 0.80 is used as the threshold value to distinguish
between mature and immature residues, and in immature
residues, this value may be above 4.0 (Paradelo et al., 2013).
The lowest values in the presence of R. botocudus in the
final stages of the incubation can be explained by the greater
degradation of cellulose after 90 days associated with increases
in lignin contents. These results indicated that these myriapods
optimized CR maturity through the degradation of structural
compounds of this residue.

4.2 Decomposition of C soluble in water (CSW),

CINg_,.... and soluble polyphenols

The decrease in CSW and C/N solubility agreed with
other studies that used organic residues with physico-chemical
characteristics, with or without edaphic macroinvertebrates
(Charestet al., 2004; Castaldi et al., 2008; Mupondi et al., 2011;
Alidadi et al., 2016). During the early stages of decomposition,
bioavailable molecules (e.g., carbohydrates, peptides and
others) are at higher concentrations in the immature residues
(Zmora-Nahum et al., 2005; Alidadi et al., 2016). As these
molecules are degraded biochemically by the microorganisms,
the CSW is rapidly reduced (Zhou et al., 2014).

The lowest levels of CSW at treatment with millipedes
after 60 days could be explained by changes in the biochemical
composition that occurred when R. botocudus consumed the
CR. Comparisons of the chemical composition of oak residue
(Quercus robur) and excrement of Glomeris marginata
millipede demonstrated that this millipede, when feeding on
this residue, used only easily degradable soluble compounds,
such as carbohydrates and short chain peptides (Rawlins et al.,
2006). Most of the degradation of these compounds occurred
with the help of microorganisms that inhabit the millipede
gut (Rawlins et al., 2007). These investigations supported
the results of the current study, suggesting that R. botocudus
supported the decomposition and maturity of CR.

The CSW levels at 120 days for control and millipedes
treatment (<6 g kg') were below 10 g kg!, suggesting that
in both treatments, the CR reached maturity during this
study (Hue; Liu, 1995). However, the C/N_, . value of 10.5
presented for the R. botocudus treatment was above the ideal
value (between 5-6) for maturity according to Chanyasak
and Kubota (1981), suggesting a longer experiment time
for this variable. The coffee residue presents high level of
recalcitrance (lignin contents) when compared to others, such
as animal manures (poultry and cattle), oil extraction residue,
rice straw, and others (Tortosa et al., 2012; Subhedar; Gogate,
2014; Yan et al., 2015). According to the results observed, it
is noteworthy that this higher recalcitrance of this compound
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is mainly due to its lignified branches that make up 38% of
the dry mass, which are not entirely degraded by millipedes
This shows that, through the selective consumption of leaves,
this species optimized the concentration of the lignified
branches of coffee trees. Therefore, if the use of the generated
feedstock is for agronomic purposes (e.g., substrates for
seedlings), it is recommended to separate these remaining
branches by sifting.

The highest reductions in soluble polyphenol contents
in the first 30 days mean that the most soluble fraction was
used as the C source during the first weeks of decomposition of
the CR, which corresponds to the period of greatest microbial
activity (Dias et al., 2010). The lower concentration after
60 days in the treatment with R. botocudus compared to the
control suggested that this millipede species, by endosymbiotic
microorganisms enzyme producers, optimized degradation of
polyphenols from CR.

Leaves of coffee trees, which make up about 62% of
the dry mass of CR, have high levels of polyphenols (Farah;
Donangelo, 2006; Salgado et al., 2008). Most of the polyphenol
molecules are considered phytotoxic (Dominguez et al., 2014).
In degradation processes (eg, composting, vermicomposting),
the degradation of phytotoxic compounds is considered as
a maturity indicator (Wu et al., 2000; Dominguez et al.,
2014). Therefore, the greater degradation of polyphenols by
R. botocudus, especially after 60 days of incubation, showe
that this species of millipede had the potential to optimize CR
maturity.

4.3 Humic substances (HS)

The HA/FA ratio is widely used to describe the
dynamics of HA and FA transformation, as well as the maturity
in controlled processes of organic waste decomposition (Dev;
Antil, 2011; Zhou et al., 2014). The CR had relatively high
amounts of fibrous structural components, such as lignin. This
macromolecule provides stable phenolic compounds that act as
the base nucleus in humification processes (Stevenson, 1994;
Lopez et al., 2002). This explained the increasing formation of
HA and the consequent increase in the HA/FA ratio throughout
the CR incubation.

Additionally, HA/FA ratio increase may be related to the
strong decrease in C of the FA fraction. This decrease suggested
that microorganisms used these acids (organic compounds of
lower molecular weight) for their metabolism and conversion
of organic matter into HA (Zhou et al., 2014). FA decrease in
parallel to the increasing formation of HA (higher molecular
weight compounds) are indicative of the maturity of CR. It
is noteworthy that this phenomenon was improved in the
presence of R. botocudus, which explains the greater reduction
of C of HS after 30 days and the greater increase of HA/FA
ratio after 60 days with this macroinvertebrate.

4.4 Fourier transform infrared spectroscopy
(FTIR)

For HA decreased in intensity during incubation
for OH groups in carboxylic acids (3408-3404 cm),
aliphatic CH groups (2926 cm™), and aliphatic CH 2
groups (1122-1119 cm™) suggested gradual degradation
of the peptides, lipids, and polysaccharides of the CR
(Inbar et al., 1990; Stevenson, 1994; Huang et al., 2006).
However, the increase in the intensity of CH groups of
aromatic compounds (837-834 cm!), possibly occurred
due increases in aromatic structures of higher stability in
organic matter (Gerasimovwicz; Bayler, 1985; Huang et
al.,2006; Zhou et al., 2014). In general, these changes more
evident in the treatment with R. botocudus demonstrated
that this species optimized the humification of CR. In this
sense, changes occurring as early as 60 days (e.g., peaks
around 837 cm™') suggested that these myriapods had the
potential to accelerate humification and maturity of CR.

The CR comprised high contents of lignin, cellulose,
and other structural components, since this residue is
formed by leaves and branches of coffee trees with high
fiber matter. This could justifiys the appearance of peaks
with wavelengths of 1000-999 cm! (C-O groups of
carbohydrates and polysaccharides) (Zhou et al., 2014). In
addition, the reduction of intensity at that peak at 120 days
in the treatment with R. botocudus supported the results for
reduction in cellulose contents and reinforced the potential
of this species in the degradation of structural components
of CR.

The FTIR results for FA confirmed those found for HA,
showing that unstable aliphatic structures (e.g., 2940 cm’,
1123-1121 cm™) were biodegraded throughout the incubation.
However, compared to HA, the FA spectra were less sensitive
between treatments.

5 Conclusions

At the end of the incubation, the lowest values of
cellulose, cellulose/lignin, and soluble polyphenols in the
treatment with R. botocudus, highlight the potential of
this species for the degradation of structural and phenolic
compounds of CR.

FTIR analysis of HA of the coffee residue showed that
short chain aliphatic molecules were decomposed throughout
the incubation, proportionally reflecting the increase of
aromatic structures of greater stability, these changes were
more evident in the presence of R. botocudus. In addition
to this, this species promoted greater increases in the HA/
FA ratio. These results suggest that this species alters the
humification dynamics of CR by accelerating its maturity.

Coffee Science, 16:e161932, 2021
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