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a b s t r a c t

The aim of this work was to compare the effects of biochar and earthworms on rice growth and to
investigate the possible interactions between both. In addition to classic macroscopic variables we also
monitored some leaf-level cellular processes involved in protein turnover. Both biochar and earthworms
significantly increased shoot biomass production. However, biochar had a higher effect on the number of
leaves (þ87%) and earthworms on leaf area (þ89%). Biochar also significantly increased the leaf turnover.
At the cellular level, biochar but not earthworms enhanced protein catabolism by an increase in leaf
proteolytic activities. This could be related to the increased expression of three of the six genes tested
related to protein catabolism, one serine protease gene OsSP2 (þ24%), one aspartic acid protease gene,
Oryzasin (þ162%) and one cysteine protease gene OsCatB (þ257%). Furthermore, biochar also enhanced
the expression level of two genes linked to protein anabolism, coding for the small and large subunits of
rubisco (þ33% and þ30%, for rbcS and rbcL, respectively), the most abundant protein in leaves. In
conclusion, our data gives evidence that biochar increased rice biomass production through increased
leaf protein turnover (both catabolism and anabolism) whereas earthworms also increased rice biomass
production but not through changes in the rate of protein turnover. We hypothesize that earthworms
increase nitrogen uptake at a low cost for the plant through a simultaneous increase in mineralization
rate and root biomass, probably through the release in the soil of plant growth factors. This could allow
plants to accumulate more biomass without an increase in nitrogen metabolism at the leaf level, and
without having to support the consecutive energy cost that must bear plants in the biochar treatment.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Many soils of the lowland humid tropics are thought to be too
infertile to support sustainable agriculture. One of the major
problems is the rapid decomposition of organic matter (Zech et al.,
1990) due to the high temperatures, intense precipitation, and the
lack of stabilizing minerals. On soils with low nutrient retention
capacity the strong tropical rains easily leach available and mobile
mineral nutrients limiting the efficiency of conventional fertilizers.
The reduction of soil content in organic matter (SOM) is causing soil
degradation. The agriculture is often not sustainable without
nutrient inputs beyond 3 years of cultivation (Tiessen et al., 1994).
In tropical areas, the development of techniques improving soil
All rights reserved.
fertility is thus a priority. The use of more stable organic matter
could help to increase the sustainability of soil fertility. In this
context, biochar addition to soils is a promising alternative to
transfer of more easily decomposable organic matter (Zech et al.,
1990; Fearnside et al., 2001). Indeed, the existence of anthropo-
genic biochar-enriched dark soils (terra preta de indio) and the fact
that they have kept a high fertility for hundreds of years supports
this idea. Apart from high carbon contents, the most striking
feature of biochar is its capacity to retain mineral nutrients (Glaser,
2007). The fertility of terra preta de indio is most likely linked to an
anthropogenic accumulation of phosphorus (P), calcium (Ca), and
fragmented biochar.

Another sustainable way to increase tropical soil fertility is by
maintaining high biomasses of earthworms (Lavelle et al., 2001).
They are known to positively affect plant growth via five main
mechanisms (Scheu, 2003; Brown et al., 2004): (1) an increased
mineralization of soil organic matter (2) the production of plant
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growth substances via the stimulation of microbial activity; (3) the
control of pests and parasites; (4) the stimulation of symbiotic
microorganisms; (5) modifications of soil porosity and aggregation,
which induces changes in water and oxygen availability to plant
roots.

We have previously reported significant macroscopic effects of
biochar and earthworms on rice growth in a greenhouse experi-
ment using different soil types (Noguera et al., 2010). We have
shown that (1) biochar and earthworms have additive positive
effects on rice growth, (2) they differently influence resource allo-
cation and (3) these effects depend on soil type. In the present
article, we use the same greenhouse experiment but focus on the
physicological effects of biochar and earthworms in the most fertile
soil where differences between treatments were the most signifi-
cant (Noguera et al., 2010). Ecological studies on plant responses to
a particular soil treatment generally focus on root-level responses
(Gregory, 2006). Very few studies have included measurements of
leaf-level physiology (Day and Detling, 1990a, 1990b; Jaramillo and
Detling, 1992a; Jaramillo and Detling, 1992b; Peek and Forseth,
2003; Blouin et al., 2005) and up to now the molecular processes
underlying the observed changes in plant growth and morphology
have seldom been addressed (Blouin et al., 2005; Jana et al., 2010;
Endlweber et al., 2011). Studying the physiological and cellular
processes occurring at the leaf-level in the presence of earthworms,
biochar or both should therefore deepen our understanding on the
mechanisms through which earthworms and biochar influence
plant growth. To tackle these issues, in addition to macroscopic
variables, wemonitored some leaf-level cellular processes involved
in leaf protein turnover.

Plant scientists have long recognized protein turnover as
a fundamental component in plant development. Research has
however traditionally focused on physiological processes relevant
for agriculture and variety improvement, including the breakdown
of storage proteins during seed germination, and protein remobi-
lization upon the onset of leaf senescence, concomitant with the
reallocation of N resources to reproductive organs (Huffaker, 1990).
However, the proper functioning of a cell is ensured by the precise
regulation of protein levels that in turn are regulated by a balance
between the rates of protein synthesis and degradation. Therefore,
we suggest that macroscopic treatments influencing plant growth
should lead to different regulations of leaf protein synthesis and
degradation.

Within plant cells, protein degradation is mediated by proteol-
ysis (Callis, 1995; Schaller, 2004). Unlike other cellular enzymes,
proteolytic enzymes (also termed proteases) do not have specific
substrate targets and nomenclature is based on the amino acids
present at the active site. There are mainly 4 super families of
proteases assembled in the MEROPS database (Rawlings et al.,
2008; http://merops.sanger.ac.uk/): aspartic acid proteases, serine
proteases, cysteine proteases andmetalloproteases. Since proteases
can cleave more or less any available protein, they are present in
specific cellular compartments, namely in lysosome-like acidic
vacuoles (Callis, 1995; Vierstra,1996). Protease activity is also under
tight control, both at the expression and post-translational levels
and also by specific inhibitors.

Nitrogen (N) is an essential macronutrient for plant growth, and
crop production is often greatly affected by N nutrition. In rice
seedlings, about 70% of N in the aboveground part is allocated to
leaf blades and supports their photosynthetic function (Mae et al.,
1984). Approximately 80% of total leaf N is invested in chloro-
plasts (Makino and Osmond, 1991). A number of proteins partici-
pate in photosynthetic reactions in chloroplasts, ribulose-1,5 e

bisphosphate carboxylase/oxygenase (Rubisco) being the most
abundant. Rubisco is both an enzyme of photosynthesis and the
most abundant leaf protein. It accounts for 12e35 % of total leaf N in
C3 plants (Makino, 2003; Makino et al., 2003; Kumar et al., 2004). It
comprises eight small subunits (SSUs) and eight large subunits
(LSUs), which are products of the nuclear rbcS gene and the chlo-
roplast rbcL gene, respectively. Rubisco is degraded during leaf
senescence and its N is re-mobilized and translocated into growing
organs and used for their growth. Rubisco-derived N is considered
to account for about 40% of total re-mobilized N from senescing
leaves in rice (Makino et al., 1984). Therefore, the turnover of
Rubisco, namely, its synthesis and degradation, should closely be
related to both C and N economy in plants (Imai et al., 2005).

In this context, our study aimed at testing the following
hypotheses: First, since biochar and earthworms influence plant
growth at least through an increase in mineral nutrient availability,
they should influence nitrogen metabolism, namely protein turn-
over; Second, since biochar and earthworms influence plant
growth through partially different mechanisms, they should affect
plant physiology differently at the leaf cellular level. In order to test
these hypotheses we measured some classic macroscopic param-
eters (shoot root and leaf biomasses, C/N.) and tried to relate them
to the underlying processes related to leaf protein turnover oper-
ating at the cellular and molecular levels.
2. Materials and methods

2.1. Microcosms preparation

The soil was collected from a coffee plantation at Pescador,
located in the Andean hillsides of the Cauca Department, south-
western Colombia (2� 480 N 76� 330 W). As previously described
(Noguera et al., 2010) the Pescador soil is a moderately acid
(pH ¼ 5.1) Inceptisol (USDA, 1998) relatively rich in organic matter
(11.5%), mineral nitrogen (12.9 mg NHþ

4eN kg�1, 27 mg
NO�

3eN kg�1) and with a relatively high CEC (6.0 cmol kg�1). The
soil was dried and sieved (2 mm mesh). Two soil treatments were
implemented: soil with no addition (NB) and soil with the addition
of biochar (B). Biochar has been prepared at the CIAT (Centro
Internacional de Agricultura Tropical) as described previously
(Rondon et al., 2007) and has been added locally around coffee
plants in a long term experiment to assess biochar effect on coffee
production. Our NB (B) treatment consisted in soil collected from
the control (biochar) treatment of the field experiment. Taken
together, the soil of our B treatment contained 25.5 g of biochar per
kg of dry soil. This corresponds to 20.4 t of biochar per ha assuming
that the biochar has been mixed with the first 10 cm layer of soil.
Microcosm containers consisted of PVC pots of 10 cm diameter and
15 cm height. They were filled with 900 g of dry soil. The earth-
worm treatment consisted in the addition of five adults of Ponto-
scolex corethrurus (initial fresh weight 5 � 0.5 g), an endogeic
species common in all humid tropics (Lavelle et al., 1987).
2.2. Plant growth and experimental design

Rice plants (Oryza sativa cv. Linea 30) (Chatel et al., 2000) were
grown in a greenhouse for three months under controlled condi-
tions (temperature 27e29 �C, relative humidity 65e95 %, light
intensity of 600 mmol m�2 s�1 and a 12-h photoperiod) as previ-
ously described (Noguera et al., 2010). Microcosms were regularly
weeded during the experiment and maintained at 80% of soil field
capacity (this was checked through regular weighing of the pots).
Pots were arranged in a completely randomized design. Plants were
submitted to four combinations of treatments: Earthworms and
Biochar (EB), Biochar (B), Earthworms (E) and a Control (C) without
biochar or earthworms. Five replicates were implemented per
treatment.

http://merops.sanger.ac.uk/
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2.3. Macroscopic measurements

The macroscopic parameters considered were the following:
shoot biomass, root biomass, total number of leaves, leaf turnover
(number of dead leaves/total number of leaves), total foliar area,
chlorophyll concentration. At the end of the plant cycle (110 days),
plant biomass (i.e. shoot and root mass) was measured after drying
at 40 �C for 2 days. Leaf area and Chlorophyll concentration were
measured after the harvest with a leaf area meter (LI-1300 Area
meter) and a Chlorophyll Meter (Minolta SPAD 502) respectively.

2.4. Protein extraction and total proteolytic activity quantification

Leaves were collected at 65 days, frozen in liquid nitrogen and
kept at �80 �C until needed. Frozen leaves (1 g) were homogenized
in 450 mL 50 mM TriseHCl buffer pH 6.8. The homogenates were
transferred to Eppendorf tubes then centrifuged at 14 000 g for
20 min. The protein content of the supernatant was determined
according to Bradford (1976). Proteolytic activity was assayed using
bovine serum albumin (BSA, SigmaeAldrich, France) as the
substrate, under different pH. Briefly, the assay mixture contained
50 mg of the protein extract (adjusted to a final volume of 50 mL),
10 mL of 10% BSA in either 50 mL 100 mM citrate buffer for the acidic
pH range (pHs 2.7, 4.2 and 5.2) or 50 mM TriseHCl buffer for near
neutral pH (pH 6.8). A blank control was made where the protein
extract was replaced by 50 mL of extraction buffer (50mM TriseHCl,
pH 6.8). The reactions were allowed to proceed for 12 h at 37 �C
then stopped by the addition of 100 mL 10% trichloroacetic acid
(TCA) for 1 h on ice. The mixture was then centrifuged for 15 min at
11,000 rpm. The proteolytic activitywas followed by the decrease in
absorbance at l ¼ 280 nm of the TCA soluble fraction using the
blank control as zero.

2.5. Total RNA isolation

For total RNA extraction 100 mg of frozen leaf material were
ground with a mortar and pestle in liquid nitrogen. The total RNA
was extracted using the RNEasy Plant Minikit (Qiagen, France)
according to the manufacturer’s instructions. Total RNAs were
quantified with a Nanodrop ND-1000 spectrophotometer (Starlab,
USA) at 260 nm.

2.6. RT-PCR analysis of several genes related to protein turnover

We selected several genes involved in protein turnover in order
to check if their expression patterns could be related to the cellular
proteolytic activities and the macroscopic measurements. The
Table 1
Primers used for the semi-quantitative RT-PCR reactions.

Gene name Primer pair sequences (F, forwar

Serine proteases
OsSP1 F 50 GATCACTCTGGGGGACAAGA
OsSP2 F 50 TCTTCCAACTGCCAAGATCC 3
Aspartic acid proteases
Oryzasin F 50 CCTGATTGGAGGAAAGACCA
OsAP1 F 50 AAAAGTATGCAGCCAGGTTG
Cysteine proteases
OsCP1 F 50 GGCACCAAGTACTGGATCGT
OsCatB F 50 GAACCAAGTTTGGCTGGAAA
Rubisco subunits
rbcS F 50 GATTCGTCTACCGCGAGAAC
rbcL F 50 CTTGAATGCGACTGCAGGTA
Actine F 50 ATCCTCCGTGGAGAAGAGCTA
selected genes code for known rice proteolytic enzymes (related to
protein catabolism) such as two serine proteases (OsSP1, AB037371
and OsSP2, AY683198), two aspartic acid proteases (Oryzasin,
D32144 and OsAP1, D12777) and two cysteine proteases (OsCP1,
X80876 and OsCatB, AY916493), as well as two genes coding for the
small and large subunits of rubisco (rbcS, D00643 and rbcL, L24073)
(related to protein anabolism). A rice actin gene was used as
a constitutive control (AF285164). Primers pairs used (Table 1) were
either designedmanually or using the primer3 software (Rozen and
Skaletsky, 1999).

First strand cDNA synthesis was performed in 20 mL reactions on
50 ng of total RNA using 40 units of Omniscript reverse transcriptase
(Qiagen, France) and 10 mM of oligo-dT primer according to the
manufacturer’s instructions. Transcript abundance of the genes lis-
ted above (Table 1) was analyzed by semi-quantitative RT-PCR using
5 mL of cDNA obtained from the leaves of control and treated plants
and the different primer couples (15 pmol each). PCR reactions were
performed in a Master Cycler Gradient thermocycler (Eppendorf AG,
Germany), using the Taq PCR Master mix (Promega, France) on
a 20 mL reaction volume. For each primer pair, the optimal number of
cycles in order to obtain a PCR amplification outside the plateau
phase was determined. PCR reactions were as follows: a first step
50 �C for 30min, 95 �C for 15min followed by 30e35 cycles (Table 1)
(denaturation step at 95 �C for 25 s, annealing at 57e59 �C 50 s) and
7 min at 72 �C. PCR products were analyzed after separation on
ethidium bromide stained 1% agarose gels. Fluorescence images of
PCR products were digitized and quantified with the Gel-Doc
Quantity One software (BioRad, France). Relative transcript levels
were calculated with reference to the controls taken as 1.

2.7. Statistical analysis

Though the experiment has already been published (Noguera
et al., 2010), all the results we present but the root and shoot
biomasses of Fig. 1 are new. We display again these two variables
because they are necessary to interpret the new results about the
protein turnover. Statistical analyses were performed using the SAS
software version 6 (SAS, 1989). ANOVAs were used to test the effect
of earthworms and biochar as well has their interaction on each
measured variable (using the SAS GLM procedure, sum of squares
type III). To determine the direction of significant effects we used
multiple comparison tests based on the least square means (here-
after LSmeans, LSmeans SAS statement), taking into account the
Bonferroni correction. Residual normality and homocedasticity
were verified using KolmogoroveSmirnov and Bartlett tests.
Significant differences between means are marked by different
letters in the histograms.
d; R, reverse)

30 R 50 TTCAATGCTACCGGGAAAAG 30
0 R 50 TGCATCAGCACTGTTCACAA 30

30 R 50 CACAGACCAACCTGAGAGCA 30

G 30 R 50 TGGCAGCTGACAGTTGATTC 30

30 R 50 TCACAGGCTCACATCTCGTC 30

30 R 50 GCAAGCAGCCAGTAATCCTC 30

30 R 50 TTGTCGAAGCCGATGATACG 30

30 R 50 GAAGAAGTAGGCCGTTGTCG 30

30 R 50 GCAATGCCAGGGAACATAGT 30



Fig. 1. Effects of four soil treatments: earthworms and biochar (EB); biochar (B);
earthworms (E); and control (C) without biochar and without earthworms on Oryza
sativa (A) shoot biomass, (B) root biomass, (C) number of leaves, (D) leaf turnover
(number of dead leaves/number of leaves), (E) total foliar area and (F) chlorophyll
content. Means are displayed together with standard deviations. Significant differences
between means are marked by different letters (comparisons between least square
means).

Table 2
ANOVA table of F values for the effects of biochar (B) and earthworms (E) and their
interaction (E*B) on shoot biomass, root biomass, number of leaves, leaf turnover
(number of dead leaves/number of leaves), total foliar area and chlorophyll.

df Shoot
biomassa

Root
biomassa

Number
of Leaves

Leaf
turnover

Total
foliar area

Chlorophyll

B 1 191.44*** 0.19 NS 146.57*** 0.42 NS 0.04 102.52***
E 1 78.31*** 13.75** 11.06** 4.97* 11.71** 7.06*
E*B 1 1.82 NS 0.29 NS 9.36** 1.39 NS 0.23 NS 27.8***
R2 0.94 0.47 0.91 0.30 0.43 0.90

Total df ¼ 20.
*p < 0.05; **p < 0.01; ***p < 0.001; N.S., not significant.

a Adapted from Noguera et al. (2010).
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Fig. 2. Leaf proteolytic activity under different pHs in Oryza sativa (Linea 30) submitted
to four soil treatments: earthworms and biochar (EB); biochar (B); earthworms (E) and
control (C) without biochar and without earthworms. Proteolytic activity was
measured using BSA as a substrate and the assay was performed as described in
Materials and Methods.
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3. Results

3.1. Macroscopic effects of biochar and earthworms

Both biochar and earthworms increased significantly the shoot
biomass (Fig. 1). However the effect of biochar was stronger than
the effect of earthworms (þ163% versus þ 98%). Earthworms did
not increase significantly the number of leaves whereas biochar did
(þ87% versus þ 3%, Fig. 1). Although a significant interaction
between biochar and earthworms was found for the number of
leaves, biochar and earthworm macroscopic effects were mostly
additive (Table 2, Fig. 1): i.e. earthworm effects did not change with
the biochar treatment and vice versa. Root biomass followed
a different pattern from the shoot biomass and the number of
leaves. The strongest effect on this variable was a positive earth-
worm effect (þ58%, Table 2, Fig. 1). Earthworms significantly
decreased the leaf turnover (�37.5%) and increased the total foliar
area (þ89%) (Table 2, Fig. 1). Both earthworms and biochar
increased the leaf chlorophyll content but a complex negative
interaction between the two led to a complex pattern (Fig. 1).

3.2. Impact of biochar and earthworms on leaf proteolytic activities

The proteolytic activity of the rice leaf extracts submitted to the
different treatments was studied by the capacity to hydrolyze BSA
under different pHs. These pHs were used to encompass the pH
optima of the different classes of proteases (Rawlings et al., 2008).
The biochar treatment led to a significant increase in overall
proteolytic activity, independently of the pH tested (Fig. 2). On the
other hand, earthworms did not have a significant effect on leaf
proteolytic activity (Fig. 2). When earthworms and biochar were
used in combination, the proteolytic activities were significantly
higher than the control treatment for all pHs tested and higher than
the biochar treatment for the most acidic pH (2.7; Fig. 2).

3.3. Impact of biochar and earthworms on the expression of several
genes related to protein turnover

RT-PCR analysis showed that the biochar treatment significantly
increased the expression levels of three out of the six genes tested
related to protein catabolism (proteases) (Fig. 3 a, Table 3). These
include one of the serine protease genes, OsSP2 (þ24%), one of the
aspartic acid protease genes, Oryzasin (þ162%) and one of the



Fig. 3. Semi-quantitative gene expression of several genes related to protein turnover
following RT-PCR in the leaves of Oryza sativa (Linea 30) under four different soil
treatments: earthworms and biochar (EB); biochar (B); earthworms (E) and control (C)
without biochar and without earthworms. (a) Agarose gel electrophoresis of the
amplicons obtained by RT-PCR using gene specific primers of eight different proteases
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cysteine protease genes OsCatB (þ257%, Fig. 3, Table 3). Earth-
worms, on the other hand had a smaller effect on the gene
expression levels of the proteases tested (Fig. 3). The only effect
found was an up-regulation of the transcript level of the aspartic
acid protease gene, OsAP1 (þ28%) and the cysteine protease gene
OsCatB (þ7%, Fig. 3, Table 3). When used in combination, earth-
worms and biochar triggered an increase in the transcript accu-
mulation of both the aspartic acid protease genes tested, Oryzasin
(þ135%) and to a lower extent, OsAP1 (þ4%). They also significantly
increased the expression levels of one of the cysteine protease
genes, OsCatB (þ328%, Fig. 3, Table 3).

Regarding the two genes related to protein anabolism (rubisco
subunits), rbcS and rbcL, biochar induced an up-regulation of the
expression level of both (þ33% and þ30%, for rbcS and rbcL,
respectively, Fig. 3), but the significant interaction between biochar
and earthworms (Table 3) complicated this pattern. Earthworms,
on the other hand, led to a decrease in the expression level of the
gene coding for the small subunit of rubisco, rbcS (�33%, Fig. 3,
Table 3). The significant interaction between biochar and earth-
worms led to a decrease in the expression of rbcS relatively to the
control (�46%, respectively, Fig. 3, Table 3).

4. Discussion

4.1. Earthworms and biochar had opposite effects on resource
allocation

As far as macroscopic variables are concerned, both earthworms
and biochar had a positive effect on the growth of rice and the
production of shoot biomass (Fig. 1). However, when looking at the
other variables more complicated patterns appear. For instance,
earthworms clearly increased root biomass but not the number of
leaves, whereas biochar had the opposite effect. This shows that
earthworms and biochar influence biomass production but also
resource allocation. While such changes in resources allocation
have already been observed in the case of earthworms (Scheu,
2003; Laossi et al., 2009), they are difficult to interpret because
earthworms influence plants through many mechanisms (Scheu,
2003; Brown et al., 2004) difficult to disentangle (Blouin et al.,
2006). So far, the effects of biochar on resource allocation have
been poorly studied (Lehmann et al., 2003; Glaser and Woods,
2004).

Our previously published results on the same experiment
(Noguera et al., 2010) show that both earthworms and biochar
increase the availability of mineral nutrients suggesting that this
mechanism (which is the most commonly cited both for earth-
worms and biochar) has played an important role in our experi-
ment and partially explains the macroscopic effects in terms of
biomass. However, the fact that earthworms decreased the shoot/
root ratio and that biochar had the opposite effect (Noguera et al.,
2010) suggests that other mechanisms are involved and that
these mechanisms differ between earthworms and biochar. The
increase in root biomass in the presence of earthworms could be
due to the increase in nutrient availability and would be a hint of
the foraging strategies that plants have evolved to take advantage
of variations in nutrient availability in space and time (Campbell
et al., 1991; Scheu et al., 1999; Kreuser et al., 2004). In this case, it
and actin (used as a constitutive control) in rice leaves submitted to the different soil
treatments; Relative mRNA level of (b) OsSP1, (c) OsSP2, (d) Oryzasin, (e) OsAP1, (f)
CysP1, (g) OsCatB, (h) rbcL and (i) rbcS. The mRNA levels were quantified with the
Biorad Quantity One software. Results are representative of 3 independent assays with
3 biological replicates. Means are displayed together with standard deviations.
Significant differences between means are marked by different letters (comparison
between least square means).



Table 3
ANOVA table of F values for the effects of biochar (B) and earthworms (E) and their
interaction (E*B) on Aspartic proteases: OsSP1, OsSP2, Oryzasin, OsAP1, CysP1 and
OsCatB and rubisco: rbcL and rbcS.

df OsSP1 OsSP2 Oryzasin OsAP1

B 1 3.89 NS 11.96* 2744.19*** 220.04***
E 1 0.29 NS 0.27 NS 0.08 NS 258.69***
E*B 1 3.23 NS 1.27 NS 104.27*** 52.21***
R2 0.480 0.62 0.997 0.985

df CysP1 OsCatB rbcL rbcS

B 1 2.80 NS 2726.46*** 3.92 NS 7.56*
E 1 0.59 NS 81.94*** 14.33** 249.67***
E*B 1 0.52 NS 17.66*** 39.33*** 42.16***
R2 0.328 0.997 0.878 0.973

Total df ¼ 12.
*p < 0.05; **p < 0.01; ***p < 0.001; N.S., not significant.
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is surprising that biochar, which also increased mineral nitrogen
availability (although less clearly for ammonium), did not have the
same effect (Noguera et al., 2010). One explanation would be that
earthworms also manipulate plant resource allocation directly
through the release of plant growth factors (probably via the
stimulation of bacteria) in the soil (Muscolo et al., 1999; Nardi et al.,
2002; Quaggioti et al., 2004). Another experiment comparing plant
response to earthworms between different fertilization treatments
supports this hypothesis (Blouin et al., 2006).

4.2. Earthworms and biochar had opposite effects on protein
metabolism

The earthworm and biochar effects on plant nitrogen content
(Noguera et al., 2010) support the rationale above. First, both
earthworms and biochar increased the total quantity of nitrogen
absorbed by rice plants showing that availability of nutrient is one
of the underlying mechanisms in the effects on biomass production
(Noguera et al., 2010). Second, while earthworms increased the leaf
N concentration (therefore decreasing the leaf C/N), as often
reported, biochar had the opposite effect (Noguera et al., 2010). This
again suggests that earthworms and biochar do not increase rice
biomass through the same mechanisms. A possible explanation
would be that earthworms both increase mineral nitrogen avail-
ability and rice capacity to uptake it (decrease in the shoot/root
ratio), while biochar only increases mineral nutrient availability.
Besides, the real availability for roots of cations adsorbed in the
biochar particles is disputable and our results suggest that these
nutrients are viewed as less available than nutrients made available
by earthworm-enhanced mineralization.

What are the physiological consequences of these mechanisms
in terms of protein turnover? As predicted in the introduction an
effect on protein metabolism has been detected and this could be
correlated to the macroscopic data. Interestingly, our second
prediction is also verified: as earthworms and biochar influence
rice macroscopic parameters in contrasted ways they have nearly
opposite effect on protein metabolism. Biochar increased protein
catabolism and to some extent protein anabolism. These effects
were seen at the cellular level by the enhancement of total leaf
proteolytic activity (Fig. 2) and at the molecular level by the up-
regulation of the expression level of several genes related to
protein catabolism and anabolism (Fig. 3). Protein turnover has
been defined as the flow of amino acids from pre-existing proteins
to newly formed ones (Hatfield et al., 1997). This enhancement of
protein turnover can be related to the leaf dynamics under the
biochar treatment. Indeed, the number of leaves produced was
significantly higher for the biochar treatment than for the other
treatments and the leaf turnover was higher in presence of biochar
than in the presence of earthworms (Fig. 1). Taken together, this
indicates a faster pace in rice development under the biochar
treatment.

Acceleration of protein degradation has been related to several
forms of stress (Vierstra, 1993). Furthermore, the level of protein
degradation has also been directly correlated to the level of stress
susceptibility (Cruz de Carvalho et al., 2001). We can therefore
suggest that according to our data on proteolytic activity and
protease gene expression, rice plants could be under some sort of
stress in the biochar treatment. At the molecular level this increase
in protein degradation could be mainly related to enhanced gene
expression of Oryzasin and OsCatB (Fig. 3). These genes respectively
code for an aspartic acid protease and a cysteine protease. Previous
studies have shown that both these classes of proteases are
expressed in different stress situations (Cruz de Carvalho et al.,
2001; Harrak et al., 2001; Simoes and Faro, 2004) and during leaf
senescence (Hortensteiner and Feller, 2002; Cruz de Carvalho et al.,
2004). Therefore, in our present study, these genes seem to be
regulated by the presence of biochar and lead to enhanced protein
catabolism. When looking at the N economy in response to biochar,
although rice plants had a higher total N content (þ76%), they had
a lower leaf N concentration (�35%) (Noguera et al., 2010). This
suggests that some form of N starvation could be occurring at the
leaf level. Previous works have shown that under low N inputs
there is an increase of proteolytic events (Davies and Humphrey,
1978; Cooke et al., 1979).

Interestingly, the biochar treatment also enhanced the expres-
sion of the two genes coding for the small and large subunits of
rubisco, rbcS and rbcL (Fig. 3). In the present study the actual
amount of rubisco synthesized in response to the different treat-
ments was not quantified but it has been previously reported that
the level of rbcS and rbcLmRNAs can be correlated to the amount of
rubisco synthesized before the completion of leaf expansion (Imai
et al., 2005). Therefore, although enhanced proteolysis was occur-
ring at the leaf level (rubisco being the most abundant leaf protein
is also one of the main targets of leaf proteolysis), there was
simultaneously some rubisco synthesis occurring that counteracted
its degradation. This would help sustaining photosynthesis func-
tioning. The increase in leaf C/N in response to biochar further
supports this hypothesis. Taken together, this indicates that in
presence of biochar there is an accelerated Nmetabolism as seen by
the increased protein turnover that should therefore be involved in
the enhanced biomass production observed at the macroscopic
level. Therefore, the biochar effect cannot be explained by a simple
N stress. Indeed, although N starvation typically leads to an increase
in protein degradation (Davies and Humphrey, 1978; Cooke et al.,
1979), it also leads to a slower growth rate and decreased
biomass production (Humphrey and Davies, 1975).

Earthworms, on the other hand, had less significant effects on
protein turnover. Furthermore, when earthworms were combined
with biochar they seemed to attenuate the biochar effects on
protein turnover, slowing down protein degradation (Fig. 2).
Similar results were found under biotic stress (Blouin et al., 2005).
Taken together, our results indicate that the physiological/cellular
effects of earthworms are not occurring at the level of protein
turnover but are likely to be linked to different metabolic pathways.
The effect of earthworms allowed resources to be directed towards
leaf production with a greater leaf area, a decreasing number of
leaves and smaller shoot biomass. Indeed, the positive effect of
earthworms on root biomass indicates that plant resource alloca-
tion is directed to a better utilization of nutrients. Although
earthworms had no significant effect on the rate of leaf protein
turnover when compared to biochar, we cannot say that they do not
have any metabolic effect. In fact, earthworms are most likely to
have one, since macroscopic parameters observed at the whole
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plant level must have underlying physiological/metabolic process
to sustain that effect. We thus hypothesize that earthworms
increase Nuptake at a lowcost for the plant through a simultaneous
increase in the mineralization rate and root biomass, probably
through the release in the soil of plant growth factors (see the
discussion above about our macroscopic results). This could in turn
allow plants to accumulate more biomass without an increase in
nitrogenmetabolism at the leaf level. Further evidence is needed to
support this hypothesis. The enzymatic activity and gene expres-
sion levels of the enzymes involved in N uptake and metabolism
such as nitrate reductase, glutamine synthetase and glutamate
synthetase should be checked at the root level. Furthermore, the
root-level proteolytic events should also be checked due to the
great investment of rice grown with earthworms on root biomass.

The main difference between earthworms and biochar effects on
plant metabolism would only be due to the fact that earthworms
lead to the indirect release of plant growth factors. Since biochar also
influences soil microbial communities (Pietikäinen and Fritze, 2000)
it should however be tested in the futurewhether biochar stimulates
groups of microorganisms that also release such growth factors.
A difference between biochar and earthworms is that biochar has not
coevolved with plants andmicroorganims. It is thus conceivable that
traits allowing earthworms to stimulate the release of plant growth
factors have been favoured under natural selection since earth-
worms would benefit of better growing plants. Although such
hypotheses have never been thoroughly tested (Barot et al., 2007a)
they are supported by a model (Barot et al., 2007b).

5. Conclusion

In the present work we show that biochar and earthworms have
positive effects on rice growth but that these effects are the result of
different underlying physiological and molecular processes. Doc-
umenting trade-offs has always been a challenge in ecology. It is
probably possible to meet this need using advances in plant
physiology and molecular approaches as currently shown in
microbiology (Novak et al., 2006). In our work, in the presence of
biochar, plants renew faster their leaves to sustain photosynthesis
leading to a high rate of protein degradation and synthesis. The cost
is probably paid in terms of energy (to allow for the necessary
increased enzymatic activities at the leaf metabolic level) and thus
respiration. Both protein degradation and synthesis require respi-
ration energy. We hypothesize that a higher protein turnover rate
should have a higher respiration cost for rice plants grown with
biochar added to their soil. This could be precisely measured in the
future. Besides, we have recently shown that different rice cultivars
respond differently to biochar and earthworms (Noguera et al.,
2011). We should test in the future whether these responses are
correlated with changes in protein turnover. Overall, this combined
interdisciplinary approach should provide deeper insights into the
characteristics that allow plant species/genotypes to react posi-
tively to earthworms and biochar and the underlying trade-offs.
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