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Earthworms play a major role in litter decomposition, in pressing soil organic matter
and driving soil structure formation. Earthworm casts re@sent hot spots for carbon

turnover and formation of biogeochemical interfaces in stH. Due to the complex
microscale architecture of casts, understanding the mechaisms of cast formation and
development at a process relevant scale, i.e., within miciaggregates and at the interface
between plant residues, microorganisms and mineral parties, remains challenging.
We used stable isotope enrichment to trace the fate of shoot ad root litter in intact

earthworm cast samples. Surface casts produced by epi-anec earthworms (umbricus

terrestris) were collected after 8 and 54 weeks of soil incubation in mexosms, in the

presence of 13C-labeled Ryegrass shoot or root litter deposited onto the sil surface. To
study the alteration in the chemical composition from ingi litter to particulate organic
matter (POM) and mineral-associated organic matter (MOM) icast samples, we used

solid-state 3C Nuclear Magnetic Resonance spectroscopy ‘6C-CPMAS-NMR) and
isotopic ratio mass spectrometry (EA-IRMS). We used speaimicroscopic approach to

identify plant tissues and microorganisms involved in plamecomposition within casts. A
combination of transmission electron microscopy (TEM) andano-scale secondary ion
mass spectrometry (NanoSIMS) was used to obtain the distriltion of organic carbon

and d'3C within intact cast sample structures. We clearly demonséte a different fate of
shoot- and root-derived organic carbon in earthworm castswith a higher abundance of
less degraded root residues recovered as particulate orgdn matter on the short-term

(8 weeks) (73 mgg ! in Cast-Root vs. 44 mgg ! in Cast-Shoot). At the early stages
of litter decomposition, the chemical composition of the iftial litter was the main factor
controlling the composition and distribution of soil orgait matter within casts. At later
stages, we can demonstrate a clear reduction of structural ad chemical differences in
root and shoot-derived organic products. After 1 year, MOM tearly dominated the casts
(more than 85% of the total OC in the MOM fraction). We were ablto highlight the shift
from a system dominated by free plant residues to a system doinated by MOM during

cast formation and development.
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Vidal et al. Earthworm Cast Formation and Development

INTRODUCTION a more fundamental understanding of the processes at the
biogeochemical interfaces at the relevant process scédlmlie
Plant residues represent the main contributor to soil organi casts, the use of spectromicroscopic imaging techniquesiatio
matter (SOM), followed by microorganism biomass. Amongfor high spatial resolution is necessary. The visualizatib®M
plant residues, the distinction between above (leaves anotsh  within undisturbed cast microstructures using spectroscapid
and below ground (dead roots and rhizodeposits) inputs ismicroscopic methods can improve our understanding of plant
crucial. It is now commonly recognized that roots decomposgissue degradation and their association with mineral wies
at a slower rate than shoots and root-derived carbon reptssenand microorganisms, at these soil biology hot spots. Due to
a larger pool of carbon in soil3@lesdent and Balabane, 1996;methodological di culties, this scale of study has oftenebe
Puget and Drinkwater, 2001; Lu et al., 2003; Angst et al6)201 |eft out for large scale investigations4stings et al., 2007and
However, whether the slower root decomposition depends 0OBtudies depicting the role of earthworm casts in the formatio
chemical composition, physical or physico-chemical protettio and transformation of SOM at the ne scale are scarBerpis
remains unclear, due to the initial location of root in theilso et al., 1993; Pey et al., 2014; Vidal et al., 2D16b
(Rasse etal., 2005 Existing studies focused on revealing cast constituents at a
Biotic factors driving plant residue decomposition encompasgjiven date, without discerning possible di erences with respe
the litter quality, as well as the activity of soil fauna andio the processing of di erent substrate materiazafois et al.,
microorganisms Qades, 1988; Cortez and Bouché, )9&bil  1993: Pey et al., 2014; Vidal et al., 201As main plant-derived
fauna fragments, transports and partly decomposes residug®M constituents, roots and shoots represent a major source
(Lavelle et al., 1993 and microorganisms decompose andfor OM during the buildup of cast-rich soils. However, while
transform organic compoundsK(zyakov and Blagodatskaya, it is recognized that roots and shoots have contrasted fates
2019. Earthworms, ants and termites are considered as theoil, little is known on the ability of earthworms to ingestca
main ecosystem engineers having a signicant impact onransform roots Curry and Schmidt, 2007; Zangerlé et al., 2011;
their environments, under suitable living conditions&velle, Cameron et al., 20)4and its impact on root decomposition in
2002; Hastings et al., 2001n temperate regions, earthworms casts. The physico-chemical processing of plant residuesgluri
account for the main invertebrate biomass in soile€, 1985; the gut passage, coupled to the intense microbial activitythad
Edwards, 2004 These saprophageous invertebrates ingest botformation of organo-mineral associations in casts compavéh
organic (plant litter, SOM and microorganisms) and mineralsoil, questions the di erent decomposition processes depicted
soil particles. During ingestion, residues are fragmentad a for roots and shoots in soils. This could signi cantly in uee
the preexisting soil microstructures destroyed. Organgereints  the carbon cycling and storage in soils, considering thatscas
are mixed with mineral particles, complexed with mucus, partlymight account for at least half of the surface soil layer itunal
assimilated and mineralized, and mainly released at thé saionditions Ponomareva, 1950; Lee, 1985
surface in the form of biogenic organo-mineral aggregasdied The present study aimed at highlighting the transfer of plant-
casts (ee, 1985; Six et al., 2004Nithin a few weeks, the derived C and the stage of decomposition of incorporated
presence of earthworms increases the proportion of macreesidues into casts over time. We hypothesized that the otedmi
and microaggregates that are more stable compared with norcharacteristics of shoot residues will drive their rapid@egtion
biogenic aggregateSif et al., 2004; Bossuyt et al., 2005; Zanger@ompared to root residues, and that associations betweemarg
et al., 201). The mutualistic relationship maintained betweenand mineral particles within cast will develop over time. Cas
earthworms and microorganisms enhance litter decompasitio samples, produced in the presence 18€-labeled shoots and
during the gut transit and in castsB(own et al., 2000 This  roots, were collected 8 and 54 weeks after the beginning of a
results in higher microbial activity within casts comparenl t mesocosm experiment. The change in the amount and isotopic
bulk soil at the scale of days and weekso(iz et al., 201  composition of OM from initial plant residues to particulate
inducing hotspots of microbial activity{ecaéns, 2010; Kuzyakov organic matter (POM) and mineral-associated OM (MOM) was
and Blagodatskaya, 2015; Athmann et al., J0Mdwever, casts determined by isotope ratio mass spectrometry (EA-IRMS).
are among the most complex and dynamic structures in soiParticulate OM and MOM were studied separately to di erentiate
(Lee, 198pand were recognized as potentially favoring long-ternthe free from partly occluded plant residues, respectively. The
carbon protectionf{lartin, 1991; Bossuyt et al., 2005; Frouz et al.alteration of the chemical composition of the POM and MOM
2009; Sanchez-de Ledn et al., 20The occlusion of SOM within  derived from the casts with time was determined using solatest
microaggregates, which can be found in casts, tends to frotet°C cross polarization magic angle spinning nuclear magnetic
organic carbon (OC) from decompositiorCpenu and Plante, resonance spectroscopy?¢ CPMAS NMR). So as to follow the
2006; Lutzow et al., 2006; Dignac et al., 3017 decomposition processes in intact cast samples at the midegsca
Many relevant processes in earthworm casts happen ate combined elemental and isotopic information obtainedhwit
a ne spatial scale, i.e., within microaggregates and at theano-scale secondary ion mass spectrometry (NanoSIMS) with
interface between plant residues, microorganisms and rainerhigh-resolution information on the arrangement of organic
particles. As the gut passage leads to a ne scale mixing ahd mineral constituents obtained with transmission eleist
mineral and organic soil constituents together with eartiim-  microscopy (TEM). In previous works, we focused on the method
derived mucus and bacteria, the resulting casts show aightlevelopment and technical requirements of the micro-scale
complex microscale architectur&/iflal et al., 2016 To gain analyses\(idal etal., 2016pand demonstrated soil alteration due
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TABLE 1 | Characteristics of initial soil, as well as Cast-Control, &t-Root and Cast-Shoot samples over time, before fractioation in POM and MOM (numbers in
parentheses indicate the standard deviationn D 3).

Initial soil Cast-control Cast-shoot Cast-root
8 weeks 54 weeks 8 weeks 54 weeks 8 weeks 54 weeks
ocC mg.g 1 12.1 19.0 (2.2) 16.8 (2.5) 34.9 (1.2) 20.6 (1.6) 55.0 (0.8) 22 (0.6)
N content mg.g 1 1.30 1.97 (0.2) 1.73(0.2) 3.33(0.1) 2.03 (0.21) 3.77 (0.1) .20 (0.1)
CIN 9 10 (0.5) 10 (0.3) 11 (0.1) 10 (0.3) 15 (0.3) 11 (0.2)
d3c %o 28.1 25.3(1.3) 28.6 (0.1) 938 (3.0) 168 (1.9) 673 (25) 127 (8.2)
Litter-derived C % - - - 58.1(0.2) 11.8 (0.1) 51.8 (1.8) 11.5 (0.6)

to earthworm activity using bulk measurements and moleculathe understanding of fundamental processes by combining
analyses\(idal et al., 2016a, 20).7We now use the developed bulk chemical and imaging techniques, which together previd
methods and bulk analyses in addition to fractionation anda more complete view on small scale soil functioning. As we
NMR analyses to demonstrate the ne scale mechanisms af littecombined all used techniques on one sample per treatment each,
degradation through time. This approach re ects the incragsi no replication could be achieved due to time concern. The time
cognition in environmental science for the need to combinepoints of sampling were selected according to the contrasted
imaging with classical bulk measurements to gain a deepésotopic and molecular composition measured on bulk samples
understanding of biogeochemical processéséller et al., 2013; in previous works Yidal et al., 2016a, 20).7For example, the
Baveye et al., 201.8 shift from more than 50-12% of litter-derived carbon in cast
from 8 to 54 weeksTable 1) showed a clear di erentiation
MATERIALS AND METHODS into a rst and secqnd decomposition phase \_/vhich _Ied to the
two chosen sampling dates. Casts were distinguished from
Experimental Setup the bulk soil due to their round shape and smooth texture
Three mesocosms were lled with75L of a loamy-sand soil (Velasquez et al., 20D7After 8 weeks of experiment most
(clay, 19%; silt, 25%; sand, 56%) collected on permanepasts were fresh when collected, while after 54 weeks, casts
grassland in North of France (Oise, France). The soiftarted to age and dry. A sub-sample of 5 grams, made of
characteristics are described ifiable 1 and available in around three cast fragments, was directly processed for TEM
Vidal et al. (2017)and Vidal (2016) Mesocosms were placed and NanoSIMS analyses after sampling. The rest of the sample
in a greenhouse where soil humidity and temperature weravas dried, ground and subsequently fractionated into POM

maintained at 23% and 18, respectively. Six.umbricus
terrestrisearthworms were deposited onto each mesocosm.
Plants of Italian RyegrassLdlium multiorum) were

and MOM physical soil fractions. The obtained SOM fractions
were analyzed for OC, N and'3C. The chemical composition
of the SOM fractions was analyzed usifC CPMAS NMR

arti cially labeled in 13C at the PHYTOTEC platform of the spectroscopy. For the cast collected in the mesocosms camaini
Alternative Energies and Atomic Energy Commission (CEAYoots, shoots and no litter, we will refer to Cast-Root, Cahbot
in Cadarache (France). Plants were grown under a controllednd Cast-Control, respectively.

and constant'3CO, enriched atmosphere (2.696CO,). The
meand'3C values were 1,632 %o (L6) and 1,324 %o (42) for

shoots and roots, respectively. Shoots and roots were separatSeparation of POM and MOM Fractions

dried and subsequently homogenized separately during 4ths wiln order to di erentiate between plant residue dominated and
a laboratory blender (Waring Commercial) in order to obtain mineral-associated OM, dry and ground cast samples were
small fragments with millimeter size. We deposited 2509 ofractionated to separate POM and MOM. Briey, 4g of cast
shoots and roots (0.9g OC.kg soil') on the soil surface of sample were saturated with 50 mL sodium polytungstate solution
the two mesocosms, respectively. Although the design does nwith a density of 1.8 (TC Tungsten compounds, Grub am
re ect the real condition ofin situ root systems, both roots and Forst, Germany). After settling overnight, the oating &&®OM
shoots were voluntarily deposited onto the soil surface,aund was collected using a vacuum pump, washed to remove excess
the same conditions, in order to consider the sole e ect of theéSodium Polytungstate (conductivity 3 mS) using pressure
chemical composition of litter (without any initial physical Itration (22 mm Iter) and freeze-dried. The mineral fraction

contact of the roots with the soil particles) on its incorpacat

containing the MOM was washed to remove salts (conductivity

and decomposition in earthworm casts. No litter was appliecc 50 mS), centrifuged (3,000g, 30 min) and freeze-dried. The
on the third mesocosm, which served as control. After 8 and 5density fractionation resulted in a mean recovery of 92.9% of
weeks of experiment, around 10 earthworm cast fragments wetke initial sample mass. In the present study, the POM fraction i
randomly collected on the soil surface of each mesocosngusin considered as the particulate plant residues, which are exinée
spatula and combined to form a composite sample of around 5By oatation in a dense liquid, while the MOM fraction comprises
grams for each time step. The present work aimed at improvinghe organo-mineral associations.
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Bulk Elemental and Isotopic Analyses Ultrastructural Analyses by TEM
All POM and MOM fractions were analyzed (Helmholtz The materials and methods used to prepare undisturbed samples
Zentrum, Munich, Germany) for organic carbon, nitrogen for TEM and NanoSIMS analyses were identical to those
and d'3C using IRMS (delta V Advantage, Thermo Fisher,described invidal et al. (2016h)In brief, osmium tetroxide was
Dreieich, Germany) coupled to an Elemental Analyzer (Euraused to chemically x cast samples (2g for each sample) and
EA, Eurovector, Milan, Italy). An acetanilide standardjlmalted initial litter parts. To avoid sample disruption, cast struatsr
against several suitable international isotope standal®lEA; were physically preserved with agavdtteau et al., 2006Cast
Vienna), was used for calibrating. Prior to organic carbeia samples were cut into cubes of few rhrfaround 10 for each
d'3C analyses, MOM fraction samples were decarbonated addirsgmple), dehydrated in graded acetone series, and embedded in
20 m of HCI 2N to 1-5mg samples for 10h and drying epoxy resin (Epon 812). Ultrathin sections (80—100 nm) were
overnight at 60C. Additional samples were prepared (10—40 mg)kliced using a Leica Ultracut S ultramicrotome, stained with
for nitrogen analyses. uranyl acetate and lead citrate and analyzed with a JEOL EMXII
The labeled litter-derived carbon in POM and MOM fractions transmission electron microscope operating at 80 kV (LSE,
of earthworm casts was expressed according to equation 1: ~ Nancy, France).

Nano-Scale Isotope Analyses by
NanoSIMS

Ultrathin twin sections of 100-200nm were sliced from the
same blocks prepared for TEM analyses, allowing the comparison
Where dBCsampie is the d!3C value of the POM or MOM between NanoSIMS and TEM images. Samples were gold coated
fraction samples isolated from casts incubated with labedets  and images were acquired using the NanoSIMS 50 (Cameca,
or shoots,d"3Ceonrol is the d3C value of the POM or MOM  France) located at Museum national d'Histoire naturelle in
fraction samples isolated from control casts incubated aith Paris, France. The sample surface was sputtered by a 1.5pA
litter, d3Cije; is thed'3C values of the labeled roots or shoots. C< beam to obtain 24 24mm images (256 256 pixels)

The percentage OC of the MOM or the POM fraction of 12C , 12C14N , 13C“N , and 28Si secondary ions. The
compared to the total OC contained in both POM and MOM images were processed using the LIMAGEoftware (L. Nittler,
isolated fractions (% OC bulk) was also calculated. Carnegie Institution, USA). Secondary ion images'#'N

and 28Si were used 3’50 distinguish organic structurges from
: mineral particles. Thé3C isotopic images, named akC in
Nuclear Magnetic Resonance the following, were generated using thi€**N /12C1*N ratio

Spelgtroscopy _ relative to the PDB standard. The heterogeneity offH€ values
The ~“C-CPMAS-NMR analyses were performed (Chair of Soibpsaryed on similar organic structures on NanoSIMS images
Science, TUM, Freising, Germany) on initial litter, as wall a g gjther re ect a methodological bias (variable contribat

POM and MOM fractions of cast samples, using a Brukehs ¢ from epoxy resin) or a natural process (variable extent
Avancelll 200 spectrometer (Bruker BioSpin GmbH, Karlsruheys recycling), both leading to variable degree of isotopic

Germany). The NMR was operated at¥-resonance frequency giution. Given these approximationd:3C values obtained in the
of 50 MHz, with a spinning speed of 6.8kHz and according tq,esent study were considered as indicators of the occuerefc

the carbon content, a recycle delay time of 2 or 0.4, fordhit |3heleq OC, and not taken as representative of accuratepisoto
litter and other samples, respectively. From around 1,0000t0 Ugprichment values.

to 200,000 scans were accumulated for initial litter andeoth
samples, respectively. The spectra were processed with a li $atistical Analyses
broadening from 0 to 50 Hz, followed by phase adjustment an

base line correction. The chemical shift regions were olethby the R statistical software (package “FactoMinerR’) on the 12

dividing the NMR spectra as followed: 0-45 ppm (alkyl-C), 45_fraction sam : ;

. ples (POM and MOM) using the 4 NMR chemical
110 ppm (O-N-alkyl-C), 110-160 ppm (aromatic-C) and 160— hi : iabl R h i |
220 ppm (carboxyl-C) Kogel-Knabner et al., 19921t has fo shift regions as variables. Root and shoot litter samples were

. . . implemented as illustrated samples in the PCA. The variables
be noted that the 160-220 ppm chemical region also includ P P

Gere normally distributed, as tested by the Shapiro-Wilk.test
carbonyl-C, but that the carboxyl-C are by far dominant. The y cistributed, y ! !

ratio between alkyl-C and O-N-alkyl-C was used as an indicat

of organic matter degradation. A higher alkyl-C/O-N-alkgl- RESULTS
ratio generally re ects a higher OM degradation, as alkyboa .

chains tend to be less degradable compared with carbohydratg and N_Elemental and ISO_tOp!C

and proteins (source of O-N-alkyl-C)Baldock et al., 1997 Composition, and Distribution in POM and
Although these values cannot be considered as absolute orl¥¥OM Fractions

(due to overlapping signals and potential di erences inrel@t At 8 weeks, the mass proportion of POM fraction was higher
times between the di erent types of C), they can be used foin Cast-Root compared to Cast-Shoot (73 vs. 44mb.g
comparison purposes. respectively) Table 2. Particulate OM and MOM (Cast-Shoot

Litter-derived C(%)D [(dlscsample dlsccontrol)z(dlsclitter d13ccontrol)] 100

1)

principal component analysis (PCA) was performed with
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TABLE 2 | Organic carbon, nitrogen,d13C and chemical characteristics of particulate organic maér (POM) and mineral associated organic matter (MOM) fraatis
isolated from earthworm casts.

Cast-control Cast-shoot Cast-root
8 weeks 54 weeks 8 weeks 54 weeks 8 weeks 54 weeks

POM Mass proportion of fraction mg.g 1 14 11 44 15 73 8

ocC mg.g 1 95 105 306 171 317 139

Total OC mg 5 5 54 10 93

%C of bulk 9 11 42 15 43

N content mg.g ! 7 7 21 12 14

C/N 15 15 14 14 23 16

dl3c %o 28 28 1,177 87 935 185

Litter-derived C % - - 73 7 71 16

Alkyl-C/O-N-alkyl-C 0.43 0.40 0.25 0.46 0.11 0.35
MOM Mass proportion of fraction mg.g 1 952 900 917 955 879 886

oc mg.g 1 15 11 21 15 35 17

Total OC mg 57 39 76 58 124 60

%C of bulk 91 89 58 85 57 93

N content mg.g ! 1 1 2 1 2 1

C/N 12 13 12 11 15 13

dl3c %o 28 28 754 198 846 190

Litter-derived C % - - 47 14 65 16

Alkyl-C/O-N-alkyl-C 0.42 0.50 0.38 0.49 0.17 0.38

The total organic carbon (Total OC) values were calculated using ADor MOM fraction masses. The % OC of bulk corresponds to the percentage of OC in POMr MOM fractions
compared to the sum of the OC in POM and MOM fractions.

and Cast-Root) fractions contained around 40 and 60% of thef experiment Figure 2). The two factors (F1, F2) generated
total OC isolated, respectivelygble 2. Cast-Control POM and by the PCA explained 97% of the variance. F1 clearly separated
MOM fractions contained around 10 and 90% of the OC of bulkCast-Control samples and 54-week samples from Cast-Shoot
casts, respectively. In both Cast-Shoot and Cast-Root dracti and Cast-Root samples collected at 8 weélgufe 2B). Cast-
samples, at least 50% of OC was litter-derived, with a higheZontrol samples were represented by a high relative abundance
percentage in Cast-Root MOM fraction (65%) compared to Castef aromatic-C and carboxyl-C, while 8 week Cast-Shoot and
Shoot MOM fraction (47%). At 54 weeks, the mass proportiorCast-Root samples contained higher relative abundance of O-
of MOM fraction slightly increased compared with 8 weeks and\N-alkyl-C. At 8 weeks, the Cast-Root MOM fraction remained
more than 85% of the total OC isolated was contained in theelatively close to the Cast-Root POM fraction and the ititiet
MOM fractions of both Cast-Shoot and Cast-Root. In both POMchemical characteristics. In contrast, Cast-Shoot MOM tfosc

and MOM fractions, the litter-derived carbon dropped to 15%,at 8 weeks presented similar characteristics to the samples
with a minimum of 7% in the Cast-Shoot POM fraction. The C/N collected after 54 weeks. After 54 weeks, the OM in Cast-
ratio decreased, compared with 8 weeks, of 30% and 13% in tlhoot and Cast-Root samples tended to evolve toward Cast-

Cast-Root POM and MOM fractions, respectively. Control chemical characteristics-igure 2. Compared with 8
weeks, the relative abundance of O-N-alkyl-C decreasede wh

Chemical Characterization of Cast POM that of alkyl-C and aromatic-C increaseBigure 2B), resulting

and MOM Fractions in a higher alkyl-C/O-N-alkyl-C ratio for both Cast-Root and

Initial roots and shoots presented similar NMR spectra clearljcast-ShootTable 2.

dominated by carbohydrates (O-N-alkyl-GFigure 1). In initial

roots, the relative abundance of alkyl-C was lower, while thCast-Root and Cast-Shoot at the

relative abundance of aromatic-C was slightly higher thadMlicroscale

shoots Figures 1B,Cand Table S). At 8 weeks, spectra for the Structures of intact cast samples were analyzed with TEM
POM fraction of Cast-Root and Cast-Shoot presented similaand NanoSIMS in order to obtain detailed information
characteristics as the initial littef{gures 1B,Q, while those of the microscale spatial assembly of the biogeochemical
of MOM fraction spectra were broadefFigures 1E,lf. At 54 interfaces. At 8 weeks, plant residues incorporated in
weeks, a general broadening of spectra was observed for baarthworm casts presented similar structures compared to
POM and MOM fractions Figure 1). A PCA was carried out to the initial shoots and roots Higures S1 S2, although they
highlight the chemical characteristics of organic mattePlOM  showed di erent degradation stageFigure 3). For example,
and MOM isolated from earthworm casts after 8 and 54 weekparenchyma cells were partially degraded in Cast-Shoot
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POM
Cast-Control 8 weeks

POM
Cast-Control 54 weeks

350 250 150 50 -50 -150

Initial shoot

POM
Cast-Shoot 8 weeks

350 250 150 50 -50 -150

Initial root

POM
Cast-Root 8 weeks

POM
Cast-Root 54 weeks

350 250 150 50 -50 -150

their corresponding MOM fraction spectra E,F, respectively).

350 250 150 50 -50 -150

FIGURE 1 | 13C Cross polarization magic angle nuclear magnetic resonamec(NMR) spectra of POM and MOM fractions isolated from earthoym casts. Cast-Control
(A,D), initial shoot and root spectraB,C, respectively), the POM fraction spectra for Cast-ShooB() and Cast-Root(C) after 8 and 54 weeks of experiment, as well as

MomMm
Cast-Control
8 weeks

MOM
Cast-Control
54 weeks

350 250 150 50 -50 -150

MOM
Cast-Shoot
8 weeks

350 250 150 50 -50 -150

MOM
Cast-Root
8 weeks
MOM

Cast-Root
54 weeks

(Figure 3A) compared with initial shoot tissued-igure S1A,
while woody tissues were well preservegFigure 3A).

identi ed as parenchyma cell wall residueBidures 3B,FH,

A few microorganisms were also observed in Cast-Root
(Figures 3G,H.
Both Cast-Shoot and Cast-Root images highlighted some Many features identied in TEM images were recognized
preserved plant tissuesFigures 3A,GQ, long and thin laces in NanoSIMS images. For Cast-Shodtjgures 4A,B were

comparable to Figures 3C,B respectively, with the clear

microaggregates F{gures 3B,l,4A,B and microorganisms occurrence of a labeled fungu§igure 4A), amorphous OM
(Figures 3C—E,H. Intact or barely degraded plant structuresand plant cell wall Figure 4B). On these image$8Si maps

were prevalent in Cast-Root Figures 3G,H. Various

re ect an important proportion of small size mineral particles

microorganisms, mainly fungi and bacteria, were depictedi.e., mainly clay size< 2mm) on images and!?C“N

within Cast-Shoot: fungi attacking cell walls of woody tssu maps showed organic structures among these mineral particles
Cast-Shoot images showed the presence of partially degraded
plant structures derived from the labeled plants and labeled

(Figure 3D), bacteria colonizing parenchyma cellsdure 3B,
or microorganisms within microaggregatesFigure 30.
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FIGURE 2 | Chemical characterization of earthworm casts. PCA carriedut with the 4 variables of the 6 cast samples, fractionatechto POM and MOM. The variables
correspond to the 4 chemical shift regions integrated front3C CPMAS NMR.(A) distribution of variables on the correlation circle angB) distribution of the cast
samples, with root and shoot litter as illustrative samplesVeeks after the beginning of the experiment are indicatedsing numbers next to samples.

microorganisms involved in plant decompositioRigures 4A,5  DISCUSSION

respectively). Degraded plant structures and microorgagism, . )
were both integrated into organo-mineral aggregates. FastC ml‘ltter Type has a Short-Term Impact on

Root, Figures 4C,Dwere comparable t&igures 3G,H Labeled Cast Composition Which Is Smoothed on
plant structures observed on NanoSIMS Cast-Root imagd$ie Longer Term
presented a lower degree of degradation and reduced assasiat As mentioned above, root and shoot materials were both
with mineral particles [igures 4C,0), compared with Cast- deposited onto the soil surface in the same conditions to
Shoot images. focus on the impact of the sole chemical composition of
At 54 weeks, microaggregates (from 20 ton®0) with litter type, without considering physical interactions beeme
complex organo-mineral composition, were frequently observ roots and soil. Even though other soil biota and physico-
on Cast-Shoot Kigures 5A-Q and Cast-Root Kigure 5G  chemical processes may play a role in litter degradation,
images. Highly degraded plant tissues, cell walls or amorphotise action of earthworms is major in temperate soils. The
organic residues were prevalent in Cast-Shoot. Residues @fesent study focuses on this action through the analysis
woody tissues were still recognizable and colonized byebiact of root and shoot incorporation within casts. Although it
(Figure 5D). On Cast-Root images, some cell wall residuess dicult to generalize the obtained results to soils, it
surrounded by mineral particles were identi edFigure 5)  must be noted that casts might account for half of the
and some cell intersections were still recognizabligure 5F).  soil surface layer in natural systems containing earthwsorm
Microorganisms were prevalent on both Cast-Shoot andPonomareva, 1950; Six et al., 2004
Cast-Root images. Bacteria were either intact, present under At 8 weeks, the high percentage of litter-derived carbon in
residual form (dead microorganisms leaving cell wall res&)u Cast-Root and Cast-Shootdble 2, their proximity in chemical
(Figures 5B,D Figures 5E,H or spores (presenting dark core composition with the corresponding initial plant residues
and coat) Figures 5B,H. revealed by the PCAFgure 2), as well as the observation
On NanoSIMS images, labeled areas were scéigareé 6)  of plant structures within castsF{gures 3 4), highlighted the
compared with samples observed after 8 weeks of experimetapacity of earthworms to incorporate both shoots and roots in
(Figure 4). Three types of labeled structures are identi edcasts. However, some di erences could be evidenced between
on Cast-Shoot and Cast-Root images: (1) well-de ned spotSast-Root and Cast-Shoot at 8 weeks, which re ect di erent
corresponding to bacterigrigure 6C) or fungi (Figure 6D), (2)  incorporation and/or decomposition extents for the two types
organic structures similar to cell wall residu&sure 6B) and (3)  of plant residues. Indeed, Cast-Root can be distinguished from
“di used” labeling probably corresponding to highly degradedCast-Shoot by a higher quantity of plant residues isolated as
organic structuresKigure 6A). d*3C values are highly variable on POM, a higher labeling and C/N ratioréble 2 a lower level of
all images, with 165%s d'3C < 1131%. in structures identi ed degradation of the observed plant structuréglres 3 4), as
as microorganisms on Cast-Root (7 images observed, data ngell as a higher relative abundance of O-N-alkylH&g(re 2),
shown). No clear dierences ird'3C values were observed as typically observed for fresh residuésienz et al., 2007
between Cast-Root and Cast-Shoot. These results suggested either a delayed incorporationad$ ro
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Cast-Shoot

FIGURE 3 | TEM micrographs of Cast-Shoot and Cast-Root samples after 8veeks of experiment.(A) Partially degraded parenchyma cells and well-preserved
woody tissues; (B) organo-mineral aggregate;(C) fungus in an organo-mineral aggregate(D) fungi attacking woody tissues;(E) bacteria inside cell walls{FH)
compacted cell walls; (G) intact cell walls and(l) organo-mineral aggregate dominated by mineral particlesaom, amorphous organic matter; b, bacteria; cw, cell wall;
ci, cell intersection; f, fungus; m, mineral particle; p, p@&nchyma cell; w, woody tissue.

by earthworms and/or a slower decomposition of roots inplant decomposition is also corroborated by the clear di erence
casts. Both hypotheses are plausible, as the root lignin sbntein the C/N ratio of the initial roots compared with shoots (30:s.
(aromatic-C relative abundancélable S} makes roots less 14.8) {V/idal etal., 201y, We were thus able to demonstrate a clear
palatable for earthworms (delayed incorporatiof)ign et al., relationship between the chemical composition of the type of
1999 and slower to decompos@&élesdent and Balabane, 1996;applied plant residue and its short-term degradation as promote
Puget and Drinkwater, 2001; Lu et al., 2)lUBhe di erence in by earthworm and microorganism activity.

Frontiers in Environmental Science | www.frontiersin.org 8 April 2019 | Volume 7 | Article 55


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Vidal et al. Earthworm Cast Formation and Development

12C14N 83C(%o)

0

-300
1500

Shoot

1200
6400

900
4800
2 600

3200
300

1600 0

2um

Root

FIGURE 4 | NanoSIMS maps of28si , 12c14N | and d'3C illustrating contrasted degradation stages of labeled ght tissues and microorganisms implied in their
decomposition, after 8 weeks of experiment, for both Cast-&oot (A,B) and Cast-Root (C,D). aom, amorphous organic matter; b, bacteria; cw, cell wallf, fungus.

Studies depicting the impact of earthworms on soil carborand 54 weeks re ected a commonly illustrated litter decay pesc
cycle are mainly restricted to short-term experiments200 (Baldock and Skjemstad, 2000; Lorenz et al., 2007; Mueller et al
days) (ubbers et al., 20)3The present study tracked litter- 2009, 2014; Preston et al., 2009; Cepakova and Frouz).2015
derived C for more than 1 year in earthworm casts. TheThe decrease in POM quantity and plant-derived-TGalfle 2
aforementioned structural and chemical di erences betweemighlighted the degradation of plant residues, via the los o
Cast-Root and Cast-Shoot were reduced after 54 weeHlabile carbon and mineralizatiorCptrufo et al., 2016 This was
highlighting the capacity of earthworms to e ciently degrad corroborated by the alkyl-C/O-N-alkyl-C ratio increaseROM
both shoots and roots. The chemical changes in casts bet®eemand MOM fractions [able 2 which re ected a relative decrease
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Cast-Root %5 '

FIGURE 5 | TEM micrographs of Cast-Shoot and Cast-Root samples after & weeks of experiment.(A—C,G) organo-mineral aggregates;(D) partially degraded
woody tissues; (E) cell walls residues;(F) highly degraded cells with the cell intersection lefA,B,D,E,H) microorganisms. aom, amorphous organic matter; b,
bacteria; br, bacterial residue; cw, cell wall; ci, cell igrsection; f, fungus; m, mineral particle; s, bacterial sp@; w, woody tissue.

in easily degradable compounds such as carbohydrates (O-Md- higher contribution of lignin-derived compounds in plant
alkyl-C) and/or a relative accumulation of biologically ld& residues Angst et al., 2006 These chemical changes were
polymethylenic compounds (alkyl-C) including hydrophobic correlated to microscopic observations, as remaining plant
by-products of decompositionBonanomi et al., 20)3 The  structures were represented by structural plant parts (eddl., c
relative increase in aromatic-Eigure 2andTable S2 indicated  walls, cell intersections and woody tissueB)g(re 5 which
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FIGURE 6 | NanoSIMS maps of28Si , 12C14N | and d!3C illustrating the integration of labeled organic structes (both plant tissues and microorganisms) inside
organo-mineral aggregates, after 54 weeks of experimentpf both Cast-Shoot (A,B) and Cast-Root (C,D). b, bacteria; cw, cell wall; d, “diffused” labeling; f, fungs;
mi, microorganism (bacteria or fungi).

show higher resistance to degradation and generally presestibstrates, such as roots, they tend to accelerate their
higher lignin concentrations compared to non-structural fg&ar degradation with time Bi et al.,, 2016; Angst et al,
(Fahey et al., 2011; Jouanin and Lapierre, 2012; Cotrufo et &017). The short-term impact of the litter type was
2015. The bacteria or bacterial residues associated to woodymoothed at the longer term, which strengthened the
tissuesfigure 5D) were also a sign for advanced degradation. need to consider the long-term>( 200 days) role of

These results are consistent with recent ndingsearthworms on litter decomposition and carbon cycling
highlighting that although earthworms avoid phenolic-rich (Lubbers et al., 2013; Angst et al., 2017
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Connecting Litter Decomposition Features 2014; Angst G. et al., 200L7With a decrease in substrate
With Microorganisms bioavailability some bacteria formed sporeSiglres 5B,H.

Thanks to NMR spectroscopy and EA-IRMS analyses ofhe sporulation might either be caused by the anoxic
fractionated cast material, we were able to depict the plarfionditions created during the earthworm gut transit or
degradation stages and the contribution of mineral-assted by the lack of substrateBfown, 1995; Drake and Horn,
organic matter along the year of experiment. In intactZ2007). The exhaustion of easily available substrate can also
samples, i.e., considering the complex microscale architect lead to the starvation of microorganisms and the autolysis
of casts, TEM and NanoSIMS revealed information on thef bacterial cells an Veen et al., 1997; Zelenev et al,
location and structural evolution of plant residues along2000; Ekschmitt et al., 20p5Thus, other bacteria which
degradation, as well as on the microorganisms feeding oWere not able to overcome this lack of energy and carbon
these residues. died and were left as bacterial residuebig(res 5B—g
The lower amount of intact shoot structures (vs. root) in (Miltner etal., 201},
casts at 8 weekgigures 3 4) can be related to the abundance  Thus, with the decay of the litter-derived OM, we could
and diversity of the observed microorganisms. Indeed, arcle Show the parallel buildup of microbial dominated OM. This
contribution of speci ¢ microorganisms to shoot degradatio IS also supported by the decrease in C/N ratios in Cast-
is evidenced by their colonization of partly degraded shooft00t POM and MOM fractions Table 2 that re ect the
structures FEigures 3D,B associated with their high isotopic decay of litter and the relatively higher microbial contrtion
enrichment Eigure 4A). Abundant microbial communities have (Mueller etal., 2014; Cepakova and Frouz, J0The presence
frequently been observed in fresh earthworm casts due tof labeled microorganisms enclosed within microaggregates
the high amount of available substrate (i.e., mucus, plarffFigures 6C,D pointed to the limitation of the accessibility of
structures) Parle, 1963; Drake and Horn, 2007; Frouz et al.microbial-derived OC for degradation. The spatial inact®bty
2019, partly released during the digestion activities of thecreated by this process could lead to a protection of this
earthworms Brown et al., 2000 These microorganisms tend microbial-derived OC from degradation_{itzow et al., 2006;
to use the more labile and easily available content rst.(e.gShan et al., 20)and could represent a source of carbon at the
cell contents) Fahey et al., 20),1the latter representing their longer term {iltner et al., 201},
main source of energy and carbo@dtrufo et al., 201 This ) o .
was re ected by the extensive biodegradation of parenchym@rgano-Mineral Associations Prevailed
cells, while woody tissues often remained intaEtg(re 3A) After 1 Year
and corroborated by the slight relative increase in lignin-At 54 weeks, there was a relative shift from a POM-dominated
derived signals in the NMR spectra of the POM fractionsso a MOM-dominated system. Organo-mineral associations
(vs. initial shoots) Tables S1, SR Moreover, the diversity of prevailed in casts, as supported by the high percentage of OC
microorganism metabolic capacities in casBdwn, 199%is  of bulk in MOM fractions (Table 2 and the abundance of
illustrated by the occurrence of some bacterial clustese@ated microaggregates with high mineral contribution on TEM and
to plant cell walls Eigure 3 and of fungi, attacking cell walls NanoSIMS imagesF{gures 5 6). Thus, after the destruction
(Figure 3D). As earthworms are not able to decompose ligninof existing microstructure during the gut transihipitalo and
without the participation of microorganisms\euhauser et al., Protz, 1989: Six et al., 200sew microaggregates developed
1978; Curry and Schmidt, 20))7the degradation of woody in casts under the combined e ect of mineral properties (e.g.,
tissues was initiated by fungi, which are able to degradeemoradsorption capacities) and microorganism activity. Inteiats
resistant tissues compared to bacterogsuyt et al., 2001 petween minerals and OM are partly controlled by mineral
and are particularly implied in lignin decompositionT(or  features, such as mineralogy and chemical compositions
et al., 1995; Filley et al., 2002; Dignac et al., pODRe action  in uencing their capacity to adsorb organic materiébldock
of fungi provided bacteria with intermediate decompositionand Skjemstad, 2000; Eusterhues et al., 2003, 2005; Sollins
products and enable their colonization of woody tissuest al., 2009; Kaiser et al., 201%For example, the clay size
(Roman et al., 2006 particles € 2mm), as those observed in cast&dures 5 6),
While most microorganism cells identied at 8 weeksare known to have high surface areas and adsorption capacities
were in an intact form, they exhibited various stagegKggel-Knabner et al., 20D8n addition to mineral properties,
of structural degradation at 54 weeks-igures§ 6). In  living microorganisms produce polysaccharides during OM
parallel, the OC content decreased in casffable]), decomposition processes that favor adsorption of minerals
the substrates started to become less decomposakifd increase inter-particle cohesiorCiienu et al., 2002
(e.g., increase in lignin-derived compounds), entrappedeading to a strengthening of organo-mineral bonds in casts
within - microaggregates Table 2 and Figure2) and thus (Shipitalo and Protz, 1999
limiting for microorganisms, which could progressively In a unique way, the association of quantitative
starve {iltner et al, 201} Indeed, organo-mineral biogeochemical information and ne scale elemental and
interactions have been previously reported as one of thgotopic information led to depict the fate of shoot and root
main drivers for SOM stabilization, leading to a restrictio |itter in earthworm casts. The chemical composition appeared
in substrate bioavailability and diusion Mueller et al., as a driving parameter for litter degradation at the earlygeta
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FIGURE 7 | Simpli ed illustration of the main ndings in the present stug.

of decomposition in earthworm casts. A clear di erence in theexperiment and supervised the project. All authors discusised t
short-term (8 weeks) fate of shoot- and root- derived OC coul results and commented on the manuscript.
be evidenced with a higher abundance of less degraded root
residues recovered as particulate organic matter in thescasFUNDING
After 1 year, the structural and chemical di erences between
shoots and roots ceased and the system dominated by plarthis study bene ts from the nancial support from the EC2CO
derived OM shifted toward a system where mineral-assotiateprogram from the French National Institute of Sciences of
OM prevailed. Along with this shift, we demonstrate the bujdu the Universe (CNRS/INSU). The National NanoSIMS facility
of microbial-dominated OM, both as living microbial biomassat the MNHN was funded by the CNRS, Région lle de
and dead microbial residues. Thus, microorganisms played Brance, Ministére délégué a I'Enseignement supérieur et a la
key role in litter degradation, producing binding agents forRecherche, and the MNHN. Part of this research was funded
microaggregate formation and as an important carbon sourcey the scientic program Action Thématiques du Muséum
in casts. These main ndings are summarizedFigure 7. We  (Project WORMS). This work was supported by the German
emphasized the complex and dynamic role of earthworm casResearch Foundation (DFG) and the Technical University
as hot spots for OC inputs and microbial activity at the shortof Munich (TUM) in the framework of the Open Access
term and potential stable carbon source at the longer term irPublishing Program.
soils. We were able to demonstrate the role of earthworms for
the formation of presumably stable organo-mineral assamiat ACKNOWLEDGMENTS
sequestering litter-derived carbon on longer timescales.
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