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Abstract: In the present study, in addition to farmyard manure (FYM), cowpea was applied as
green manure and faba bean as an intercrop in an organic greenhouse tomato crop, aiming to
increase the levels of soil N. Three experiments (E1, E2, E3) were carried out, in which legumes were
either noninoculated or inoculated with rhizobia alone or together with plant growth, promoting
rhizobacteria. Inoculation of legumes with rhizobia considerably increased N fixation in E1 but
had no impact on N fixation in E2 and E3. In E1, the application of cowpea decreased yield
because it imposed a stronger nematode infection as the cowpea plants acted as a good host for
Meloidogyne. However, in E2 and E3 the nematode infection was successfully controlled and the
legumes significantly increased the tomato yield when inoculated in E2, irrespective of legume
inoculation in E3. The total N concentration in the tomato plant tissues was significantly increased by
legume application in E2 and E3, but not in E1. These results show that legumes applied as green
manure can successfully complement N supply via FYM in organic greenhouse tomato, while legume
inoculation with rhizobia can increase the amounts of nitrogen provided to the crop via green manure.

Keywords: Cowpea; faba bean; BNF; organic; rhizobia; PGPR; root-knot nematodes

1. Introduction

Increased consumers awareness relating to food safety is one of the drivers that has led
to an appreciable expansion of the agricultural land area treated according to organic farming
practices in the last two decades. This is clearly reflected in the increase of the total organically
cultivated area worldwide, from 11 million hectares in 1999 to 69.8 million ha in 2017 [1]. Organic
farming systems rely on environmentally friendly practices, such as crop rotation, maintenance
and enhancement of soil microbial activity, soil fertility and biodiversity, and nourishing plants
primarily through the soil ecosystem, while excluding the use of synthetic chemicals [2]. Calcium
(Ca), magnesium (Mg), and sulfur (S) micronutrients are normally available at sufficient levels in
arable soils. Furthermore, the supply of phosphorus (P) and potassium (K) does not pose serious
difficulties in organic farming systems, since these nutrients are constituents of nonsynthetic organic or

Agronomy 2019, 9, 766; doi:10.3390/agronomy9110766 www.mdpi.com/journal/agronomy


http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0002-9045-668X
https://orcid.org/0000-0002-2365-3317
https://orcid.org/0000-0003-4567-3930
https://orcid.org/0000-0002-0064-7985
http://dx.doi.org/10.3390/agronomy9110766
http://www.mdpi.com/journal/agronomy
https://www.mdpi.com/2073-4395/9/11/766?type=check_update&version=2

Agronomy 2019, 9, 766 2 of 21

inorganic materials, such as bone meal, rock phosphate, potassium magnesium sulfate, and dolomitic
lime, which are permitted as fertilizers in organic farming [3]. However, inorganic nitrogen (N)
fertilizers of natural origin that are compatible with certified organic production are rare. Consequently,
the availability of N to plants in organic agriculture strongly depends on supply and recycling of
organic residues. Animal manure originating from organic or free-range husbandry is a common
form of organic residues as a source of N in organic agriculture. However, according to the relevant
European Union legislation (EU Directive 889/2008) [4], the amount of N exogenously supplied to an
agricultural ecosystem through animal manure should not exceed 170 kg/ha per year. This amount
may be sufficient for open-field crops but is insufficient for greenhouse tomato crops, due to both
the length of the cultivation period and the high amounts of fruit removed from the field through
harvesting. Indeed, tomato fruit production of 20 kg/m?, which is a reasonable yield outcome in organic
tomato greenhouses [5], removes about 240 kg N ha~! yr~! through harvesting, assuming a fruit dry
matter content of 6% and a N concentration of 20 mg g~! dry weight, as reported by Colla et al. [6].
Thus, in addition to animal manure, other sources of N compatible with organic agriculture are needed
to cover the high N needs of tomato when cultivated organically in greenhouses.

Inadequate levels of available N in soil may result in nutrient deficiency in greenhouse tomato
crops, which is manifested as stunted spindly growth and yellowing of the older and intermediate
tomato leaves [7]. Nitrogen deficiency decreases tomato yields considerably due to reduction in both
the number of fruit per plant and the mean fruit size, together with a negative effect on fruit quality [8].
Therefore, N fertilization is of major importance for greenhouse tomato crops and should be carefully
managed to optimize both fruit yield and quality. The use of legumes as intercrops or green manure
may represent an important source of N in organic agriculture [9,10]. The unique ability of legumes
to fix N through symbiosis with rhizobia is of paramount importance for crop N supply in organic
agriculture [11]. Nevertheless, the total amount of biologically-fixed N provided to the crop, as well
as the timely release of plant-available N originating from biological N, fixation (BNF) are crucial
factors for the successful application of green manure or intercropping in organic tomato crops grown
in greenhouses [3]. To the best of our knowledge, peer-reviewed reports on the use of legumes in
organic tomato greenhouses treated according to the relevant EU legislation are not available so far.

Based on these considerations, the present study was designed to test the hypothesis that legumes
can be successfully used as an additional nutrient source in organic greenhouse tomato production.
More specifically, the objective of this study was to test whether legumes applied as green manure
or intercrops, inoculated or noninoculated with rhizobia and plant growth promoting rhizobacteria
(PGPR), can successfully complement farmyard manure (FYM) as an N source.

2. Materials and Methods

2.1. Plant Material, Growth Conditions, and Treatments

The research presented in this manuscript includes three individual experiments conducted
successively in the same greenhouse. The three experiments (henceforth referred to as E1, E2,
and E3, respectively) took place from May 2017 to January 2018 (E1), February 2018 to June 2018 (E2),
and June 2018 to January 2019 (E3). The exact dates for each experiment and crop are provided in
Table 1. The experiments were carried out in a standard commercial arch type greenhouse covered
by low-density polyethylene films, with vertical sidewalls. The geometrical characteristics of the
greenhouse were as follows: eaves height = 2.80 m, ridge height = 3.5 m, span width = 7.5 m,
length = 44 m, ground area = 330 m?. The greenhouse was ventilated by side vents (total opening
area of 150 m?), which were opened whenever the greenhouse air temperature exceeded 26 °C.
The greenhouse was NNE-SSW oriented, and located in Preveza, northwestern Greece (38°59'29.2”N;
20°45'36.1”E, 5 m a.s.l.). The plot size was 3.75 x 5.00 m (i.e., 18.75 m?). The soil type was sandy
loam. The greenhouse was not cultivated and had remained uncovered for the 13 years prior to the
establishment of the current experiments.
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Table 1. Dates of crop establishment, commencement of harvesting, and crop termination for the
legume and tomato crops in each experiment.

Legume Crop
Experiment 1 Experiment 2 Experiment 3
Sowing 22 May 2017 26 October 2017 12 June 2018
Full anthesis 25 July 2017 - -
Incorporation to the soil 30 July 2017 25 January 2018 7 August 2018
Tomato Crop
Experiment 1 Experiment 2 Experiment 3
Tomato planting 2 August 2017 8 February 2018 12 August 2018
Start of harvesting 13 October 2017 4 May 2018 17 October 2018
Crop termination 19 January 2018 11 June 2018 20 January 2019

During the experimental period, climatic data, particularly air temperature and relative humidity,
were collected on an hourly basis. Monthly means of temperature (minimum, maximum, and average)
and relative humidity (%) for all experiments are presented in Table 2.

Table 2. Monthly averages for mean, maximum, and minimum daily temperatures (Tmean, Tmax
and Ty, respectively) and relative humidity (RHmean, RHmax and RHyi, respectively) inside the
greenhouse during the experimental period (2017-2018) in Preveza, Greece.

Month Tmean Tmax Tmin RHmean RHmax RHpin
August 2017 27.6 36.5 21.6 74.4 100 28.2
September 2017 22.9 30.4 17.6 88.1 100 47.2
October 2017 19.0 27.5 13.6 90.2 100 47.3
November 2017 15.3 23.3 11.1 97.0 100 69.5
December 2017 11.5 19.9 7.2 97.2 100 74.4
January 2018 12.1 18.9 8.3 87.1 100 69.6
February 2018 13.1 15.7 11.6 87.3 94.4 79.2
March 2018 14.7 20.9 10.5 82.9 93.1 75.1
April 2018 19.3 27.5 13.6 78.1 89.4 68.3
May 2018 23.1 31.0 18.1 70.8 87.1 55.3
June 2018 25.5 33.1 20.1 62.3 84.6 33.9
July 2018 26.7 34.4 21.1 59.5 80.1 30.2
August 2018 28.8 38.3 229 61.2 82.9 32.0
September 2018 24.7 334 20.6 65.4 84.9 39.6
October 2018 22.4 31.6 18.0 65.2 83.6 37.5
November 2018 17.4 26.9 12.6 77.4 98.8 50.5
December 2018 129 24.2 8.1 84.9 100 54.8
January 2019 10.2 22.6 5.5 85.1 99.1 58.5

To test the impact of legumes applied as green manure on N nutrition and yield of organic
greenhouse tomato, cowpea was cultivated before the tomato cultivation in summer 2017 (E1) and
summer 2018 (E3). Furthermore, on October 2017, faba bean was sown between the tomato rows in
E2 and incorporated into the soil together with the tomato residues at crop termination in January
2018, to test whether the legume intercrop could substantially enhance the N availability to the next
tomato crop in Spring 2018 (E2). The treatments applied in the three experiments are listed in Table 3.
All treatments were applied in the same plots in the three successive experiments.



Agronomy 2019, 9, 766 4 of 21

Table 3. Description of the treatments in the three experiments.

1st and 3rd Experiment (E1 and E3)

No. Treatment Short Name  Treatment Description

1. FYM Farmyard manure (FYM) (considered as control)
2. FYM +L-NI FYM and legume (green manure of cowpea) noninoculated
T FYM and legume (green manure of cowpea) inoculated with rhizobia
3. FYM+L-I-Rh (Bradyrhizobium sp. VULI11)
FYM and legume (green manure of cowpea) inoculated with rhizobia

4 FYM+L-I-Rh-PGPR (Bradyrhizobium sp. VULI11) and PGPR 1

2nd Experiment (E2)
No. Treatment Short Name  Treatment Description
1. FYM Farmyard manure (FYM) only (considered as control)
2. FYM + L-NI FYM and legume (faba bean as intercrop 2) noninoculated

FYM and legume (faba bean as intercrop 2) inoculated with rhizobia
(Rhizobium sp. VFBL1)

FYM and legume (faba bean as intercrop 2) inoculated with rhizobia
(Rhizobium sp. VFBL1) and PGPR !

1 A mix of Enterobacter sp. C1.2, Enterobacter sp. C1.5, Enterobacter sp. C3.1, and Lelliottia sp. D2.4. ? Intercropping
was applied in the preceding tomato crop (E1). FYM = farmyard manure; L-NI = legume noninoculated; L-I-Rh =
legume inoculated with rhizobia; L-I-Rh-PGPR = legume inoculated with rhizobia and PGPR.

3. FYM + L-I-Rh

4. FYM + L-I-Rh-PGPR

In E1, farmyard manure (FYM) originating from free-range cattle farming was applied on July
30, 2017, at a rate of 50 t/ha in all treatments. The FYM contained 0.34% N, 0.15% P, and 0.48% K.
This amount of FYM is equivalent to N supply of 170 kg/ha in order to comply with European
Union Directive 889/2008. In treatment 1 (FYM), which was considered the control, no other
source of N was applied except for FYM. In treatments 2 (FYM + legume noninoculated: L-NI),
3 (FYM + legume inoculated with rhizobia: L-I-Rh), and 4 (FYM + legume inoculated with rhizobia
and PGPR: L-I-Rh-PGPR), additional N was provided through green manure by sowing cowpea
(Vigna unguiculata (L) Walp.) on May 23 2017, and incorporating it into the soil on 27 July 2017
(i.e., 6 days before planting tomato, which took place on 2 August 2017). In FYM + L-NI, the seeds of
cowpea were not inoculated with rhizobia. In FYM + L-I-Rh, the seeds of cowpea were inoculated
with Bradyrhizobium sp. VULI11 (BV) [12], while in FYM + L-I-Rh-PGPR, the seeds of cowpea were
inoculated with a mix of BV and putative plant growth promoting rhizobacteria (PGPR), isolated from
cowpea nodules (Enterobacter sp. C1.2, Enterobacter sp. C1.5, Enterobacter sp. C3.1., and Lelliottia sp.
D2.4. Strains have been characterized by multi-locus sequence analysis (unpublished data). Strains’
designations “C” and “D” represent the geographical regions of field-collected cowpea root nodules in
Greece, that is Epirus and Crete, respectively, and followed by a lab code number.

In treatments FYM + L-NI, FYM + L-I-Rh, and FYM + L-I-Rh-PGPR, faba bean was sown as an
intercrop between the tomato rows at a density of 10.67 plants/m? on 26 October 2017. The faba bean
plants were intended to be incorporated into the soil as green manure for the next tomato crop (E2)
after termination of E1. In the FYM + L-NI treatment, the seeds of faba bean were not inoculated with
any rhizobia. In the FYM + L-I-Rh treatment, the seeds of faba bean were inoculated with Rhizobium
sp. sumbiovar (sv.) viciae VFBL1, isolated from field-grown faba bean nodules in Greece, while in the
FYM + L-I-Rh-PGPR treatment, the seeds of faba bean were inoculated with a mix of VFBL1 and
PGPR (Enterobacter sp. C1.2, Enterobacter sp. C1.5, Enterobacter sp. C3.1, and Lelliottia sp. D2.4). Upon
termination of the tomato crop on January 25, 2018, the faba bean plants and the aboveground parts of
the tomato residues were incorporated into the soil. The root residues of tomato were removed and
disposed out of the greenhouse because they had been infected by root-knot nematodes (Meloidogyne
sp.) during E1. Subsequently, on 29 January 2018, FYM was applied again in all four treatments
at a rate of 50 t/ha. Finally, on 8 February 2018, new tomato seedlings were planted to establish a
spring—summer tomato crop (E2). This crop was terminated on 11 June 2018, and the residues were
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incorporated again into the soil, including the roots, because the incidence of nematode infection was
very low during E2.

On 12 June 2018, cowpea was sown again in the plots of FYM + L-NI, FYM + L-I-Rh, and FYM +
L-I-Rh-PGPR, which was intended to be used as green manure for the next tomato crop (E3). Similarly
to E1, the seeds of cowpea in E3 were either not inoculated with any rhizobia (FYM + L-NI), inoculated
with Bradyrhizobium sp. VULI11 only (FYM + L-I-Rh), or inoculated with both Bradyrhizobium sp.
VULI11 and the same PGPR bacteria as in E1 and E2 (FYM + L-I-Rh-PGPR). In E3, the commercial
cowpea cultivar Iron and Clay (Seed Ranch Company, Odessa, TX, USA) was used, which is considered
nematode-resistant [13]. The cowpea plants were incorporated into the soil on 7 August 2018
(i.e., 56 days after sowing). On 10 August 2018, FYM was applied again in all treatments at a rate of
50 t/ha. Finally, on 12 August 2018, new tomato seedlings were planted to establish E3. Harvesting
of commercially ripe tomato fruit commenced in 17 October 2018, and the crop was terminated on
20 January 2019.

In E1, self-rooted seedlings of the commercial tomato hybrid “Elpida F1” were used to establish the
experiment. However, due to a severe infection by root-knot nematodes in E1, the commercial tomato
hybrid “Ekstasis F1” was grafted onto the commercial rootstock Maxifort F1 (Solanum lycopersicum X
Solanum habrochaites) was cultivated in E2 and the hybrid “Elpida F1” was grafted onto “Maxifort” in
E3. The plant density was 2.13 plants m~?2 in all three experiments. The tomato and faba bean plants
were drip-irrigated with drippers set 50 cm and 20 cm apart, respectively, while the cowpea plants
were overhead-irrigated using sprinklers. During the cropping period, no additional fertilizers were
provided to the plants in E1 and E3 in all treatments. However, in E2, due to the occurrence of N
deficiency symptoms seven weeks after crop establishment, extra fertilization via the drip irrigation
system was applied in all treatments at four dates, particularly on April 25 and 29 and on May 2 and 6,
using an organic fertilizer based on amino acids, containing 14% N. The total fertilizer application rate
was 16 g/m? (i.e., 22.4 kg N ha™!) in all treatments.

2.2. Growth, Mineral Analysis, and Nitrogen Fixation by Legumes

In all plots of the cowpea and faba bean crops, root samples were collected from soil cores using a
1 L cylindrical metal auger. All soil samples were placed for 24 h in a “Calgon” solution (dispersing
agent) prepared by adding 40 g (NaPOg3)s and 10 g NayCOj3 per 1000 mL of water. Subsequently,
the roots were carefully washed out over a sieve and the number of nodules was measured after
detaching them from the roots. The root dry weight was also determined after drying the samples
for 48 h at 65 °C. To determine the aboveground fresh and dry biomass, shoots from a 1 m? area of
each plot center were fresh-weighed before their incorporation into the soil, and subsequently tissue
subsamples were oven-dried at 65 °C to a constant weight.

In E1, the aboveground part of three cowpea plants per plot was sampled at 23, 35, 52, and 63
days after sowing. In E2, the aboveground parts of three faba bean plants per plot were sampled at 31,
43,53, and 77 days after sowing. Similarly, in E3, the aboveground parts of three cowpea plants per
plot were sampled at 22, 37, and 52 days after sowing. All tissue samples were oven-dried at 65 °C to a
constant weight, powdered using a ball mill, and passed through a sieve (0.5 mm). Organic C and
total N in plant tissue samples were determined by high temperature combustion using an elemental
analyzer (Unicube, Elementar Analysensysteme GmbH, Hanau, Germany). Total P concentrations in
plant tissues were determined by ashing at 550 °C for 8 h, dissolving the soluble salts in 4 M HCl, and
quantifying P in the extracts using a spectrophotometer (U-2000, Hitachi, Tokyo, Japan) following the
molybdate blue method [14]. Potassium was determined in the same aqueous extract using a flame
photometer (Sherwood Model 410, Cambridge, UK).

The N derived from the atmosphere in the aboveground part of cowpea and faba plants bean
was determined by applying a method based on the natural abundance of N in plant tissues relative
to the air [15-17]. To apply this method, the stable N isotopic composition of legume tissue samples
was determined using an Isoprime 100 continuous flow isotope ratio mass spectrometer coupled to
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a Vario Isotope Select elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany).
The 8-values were calibrated relative to air by means of a three-point calibration using standard
reference materials IAEA-N1, IAEA-600, and IAEA-N2. Measurement uncertainty was monitored by
repeated measurements of internal laboratory standards and standard reference materials. Precision
was determined to be + 0.19%o based on repeated measurements of calibration standards and internal
laboratory standards. Accuracy was determined to be + 0.19%o on the basis of the difference between
the observed and known 4 values of check standards and their standard deviations. The total analytical
uncertainty was estimated to be + 0.27%o for §'°N. The §!°N values were estimated as parts per
thousand (%o) deviations relative to the nominated international standard of atmospheric Ny (0.3663%),
using the following equation [18]:

atom%! Nsample — 0.3663
0.3663

SN (%0) = ( ) 1000 (1)

Subsequently, the proportion of N derived from the atmosphere (%Ndfa) was estimated by
substituting the 51°N (%o) of the N»-fixing legume and a non-N,-fixing reference plant grown in the same
soil, as calculated using Equation (1), into the following equation suggested by Unkovich et al. [15]:

815N of reference plant — §'°N of legume

%Ndfa = [ ] 100 @)

§!°N of reference plant — B

where “B” is the §'°N in shoots of cowpea or faba bean plants grown on an inert medium and starved
of N throughout their life, thereby being fully dependent on N, fixation. The B values used in the
current study were —1.61 for cowpea and —0.50 for faba bean, as suggested by Unkovich et al. [15].
The reference plant used in this study to determine the corresponding 5'°N values was the grass weed
Digitaria sanguinalis (L.).

The total amounts of biologically-fixed N, by cowpea and faba bean per cultivated area unit
(BNF, kg/ha_l) were estimated using the following equation [19]:

DB = Nt = %Ndfa
F =
BN 100 3)

where DB is the total dry biomass of the shoot, Nt is the total N concentration (% w/w) in the
aboveground dry biomass, and %Ndfa are the values obtained from (2).

2.3. Tomato Tissue Sampling and Mineral Analysis

To assess the amounts of nutrients removed through harvesting of ripe fruit in the tomato crops,
four ripe fruits from the 2nd cluster of 4 plants per plot were collected. The fruits were chopped and
oven-dried at 65 °C for at least 3 days to a constant weight. Then, they were powdered using a ball
mill, sieved (0.5 mm), homogenized, and chemically analyzed for total N, P, and K, as described above.

To determine the nutritional status of the plants, samples of the youngest fully expanded leaves
were collected from all plots in all three experiments. The leaves were washed with distilled water,
chopped, and oven-dried at 65 °C for at least 2 days until they reached constant weight, were powdered
using a ball mill, and passed through a 40 mesh sieve. Subsequently, 0.5 g of powdered material
was dry ashed in a muffle furnace at 550 °C for 5 h, and chemically analyzed for total N, P, and K,
as described above.

Due to an unexpected nematode infection by Meloidogyne spp. in E1, the severity of the infection
was estimated as described by Bridge and Page [20], based on visual observation of the tomato plants.
At the termination of the experiment, the root systems of 10 plants from each plot were used for yield
determination, which were dug from the soil and indexed for root galls using a 0-10 scale (0 = no
root galls, 1 = few small galls, difficult to find, 2 = small galls but main roots clean, ... , 10 = all roots
severely galled).
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2.4. Soil Analysis

Soil samples were collected from the central square of each plot (dimensions 2 X 2.5 m). In each
plot, 5 soil cores weighing about 400 g were collected from the root zone of 5 plants at a depth of 0-20 cm.
The samples were oven-dried at 40 °C for at least 3 days until their weight stabilized to a constant level.
Subsequently, the samples were sieved (2 mm diameter), homogenized, and analyzed to determine the
organic C, total N, NO3-N, NH4-N, and plant-available P and K concentrations. Total C and N in soil
samples were determined by high temperature combustion using an elemental analyzer (Unicube,
Elementar Analysensysteme GmbH, Hanau, Germany). Since soil pH was 7.5 due to the presence
of carbonates, organic C was determined in soil aliquots that were pretreated with HCl to remove
inorganic C before elemental analysis. To determine the concentration of mineral nitrogen (N-min,
i.e,, NO3~N+ NHy * -N) in the soil, each sample of sieved soil was extracted using a KCl solution,
as described by Keeney and Nelson [21]. Subsequently, the nitrate and ammonium concentrations in the
sample extracts were determined by applying the cadmium reduction to NO, ™ and the indophenol blue
methods, respectively [21], using a Spectronic Helios spectrophotometer (Thermo Electron Corporation,
Mercers Row, Cambridge CB5 8HY, UK). Plant-available phosphorus was determined using the Olsen
method [22] and quantified by molybdate colorimetry [23]. Exchangeable soil K was determined using
a flame photometer (Sherwood Model 420, Sherwood Scientific, Cambridge, UK) following extraction
with an ammonium acetate solution.

2.5. Tomato Growth and Yield

The impact of the experimental treatments on crop yield was assessed by harvesting all ripe
tomatoes from 10 plants of the plot center twice per week, counting them, and weighing them on a
commercial scale.

2.6. Statistical Analysis

All experiments were set as randomized block designs with 4 replicates. The data were statistically
analyzed by applying ANOVA using the STATISTICA software package, version 12.0 for Windows.
A Duncan’s multiple range test was performed when the ANOVA was significant at p < 0.05 level.
Data are presented in graphs as means + SE of four replicates, or in tables.

3. Results

3.1. Nitrogen Fixation and Aboveground Biomass of Legumes

In Figure 1, the evolution in the percentage of N derived from the atmosphere through BNF
(%Ndfa) during the cultivation of cowpea used as green manure (E1 and E3) and faba bean used
as intercrop (E2) is shown. The data clearly show that cowpea inoculated with Bradyrhizobium sp.
VULI11 was capable of biologically fixing appreciably more N, than the noninoculated plants in
E1, while the inoculation with PGPR together with Bradyrhizobium had no additional impact on the
%Ndfa. However, unlike E1, in E3 the inoculation of cowpea with Bradyrhizobium sp. VULI11 increased
the %Ndfa only on one sampling date (37 days after sowing). The inoculation of faba bean with
Rhizobium sp. VFBL1 in E2 had no impact on the %Ndfa in the shoot tissues (Figure 1B). The combined
inoculation of faba bean with VFBL1 and PGPR slightly increased the %Ndfa, but the difference with
the measured results in noninoculated plants was significant only in for sampling date (i.e., 54 days
after planting).
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Figure 1. Proportion of N derived from atmospheric N,-fixation (% Ndfa) in the shoot of cowpea in E1
(A), faba bean (B), and E3 (C) at different growing stages, as influenced by no rhizobia inoculation,
inoculation with rhizobia only, or inoculation with a mix of rhizobia and PGPR. The rhizobia inoculum
used was Bradyrhizobium sp. VULI11 (BV) in cowpea and Rhizobium leguminosarum viciae (RV) in
faba bean.

The inoculation of cowpea seeds with Bradyrhizobium sp. VULI11 (BV) in E1 appreciably increased
the aboveground fresh and dry biomass of cowpea plants used as green manure, while the inclusion of
PGPR (Enterobacter sp. C1.2, Enterobacter sp. C1.5, Enterobacter sp. C3.1. and Lelliottia sp. D2.4) to the
BV inoculum provided no additional benefits to the plant biomass production (Table 4). Furthermore,
inoculating the roots of cowpea only with Bradyrhizobium sp. VULI11 (BV) significantly increased the
total N concentration in the shoots of cowpea plants. As a result, the total amount of N per cultivated
area unit, as well as the net amount of N contributed to the soil by BNF through green cowpea manure,
were appreciably enhanced by the inoculation of cowpea with BV in E1. Unlike in E1, in E3 the
inoculation of cowpea with BV had no impact on plant biomass, shoot total N concentration, and BNF,
which was fully anticipated, given that the %Ndfa was also not influenced by rhizobia inoculation
(data shown in Figure 1).
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Table 4. Aboveground fresh (FB) and dry biomass (DB), dry matter content (DMC), total N concentration
in the aboveground dry biomass, total N content per cultivated area unit, and total amount of
biologically fixed N (BNF) per unit area cultivated with a legume (cowpea or faba bean) in three
successive experiments (E1, E2, E3) with organic greenhouse tomato. Cowpea (E1 and E3) and faba
bean (E2) were either noninoculated, inoculated with Bradyrhizobium sp. VULI11 (BV) or Rhizobium sp.
VEBLL1 (RV), respectively, or inoculated with both a rhizobium (BV or RV) and PGPR.

Treatment FBg/m?> DMC% DBg/m?> TotalNmggl TotalNg/m? BNFkg/ha
1st Experiment
Cowpea noninoculated 1165 b 991b 117b 21b 24b 15b
Cowpea with BV 2925 a 1290 a 378 a 30a 11.1a 96 a
Cowpea with BV and PGPR 2638 a 12.88 a 339a 38a 13.1a 120 a

Significance of differences i ok sk ok ok ot

2nd Experiment

Faba bean noninoculated 662 8.23 54.4 35.3 1.93 14.7

Faba bean with RV 691 8.65 59.8 33.7 2.02 15.0

Faba bean with RV and PGPR 723 8.09 58.4 36.9 2.16 16.9
Significance of differences ns ns ns ns ns ns

3rd Experiment

Cowpea noninoculated 3219 9.70 313 35.9 11.3 44
Cowpea with BV 3367 9.54 320 36.3 11.6 50
Cowpea with BV and PGPR 3375 9.73 327 36.3 11.8 50
Significance of differences ns ns ns ns ns ns

In each column, within each experiment, means of different treatments (n = 4) followed by different lower-case
letters are significantly different according to Duncan’s multiple range test. Significant differences at p = 0.01 are
denoted by **, while lack of significance is denoted as ns.

Similarly to E3, the inoculation of faba bean with Rhizobium sp. VFBL1 in E2 had no impact
on plant biomass, shoot total N concentration, or BNEF, in agreement with the lack of any impact of
inoculation on %Ndfa in this experiment.

3.2. Soil Measurements

Figure 2 shows the evolution of the soil NH,4-N concentrations during organic tomato cultivation
in E1, E2, and E3, starting from the day of organic matter (OM, either FYM alone or together with
legume fresh biomass) incorporation to the soil. As shown in Figure 2, the soil NH4-N concentration
was very low before application of OM and increased appreciably 11 days after incorporation of OM
(DAIOM) in E1. However, the soil NH-N concentration decreased again to 5.1 mg kg~! 74 DAIOM
(i.e., 71 days after tomato planting) and further decreased to very low levels at crop termination.
The incorporation of cowpea as green manure together with FYM and the inoculation with rhizobia
alone or together with PGPR had no significant impact on the soil NH4-N levels. A sharp increase of
the soil NH4-N concentration 18 days after incorporation of OM to the soil (FYM alone or together
with faba bean and tomato residues from the previous crop), followed by a decrease to almost the
initial levels 48 DAIOM was observed also in E2. In E3, the soil NHy4-N also exhibited an increasing
peak 41 DAIOM. However, in E3, the starting soil NHy-N level before OM incorporation to the soil
was higher (4.2 mg kg™!) than in E1 and E2, and the decrease in the soil in NH4-N after the initial
increasing peak was not as sharp as in E1 and E2. The treatments in the current study had no impact
on the soil NHy4-N for any sampling date or experiment.
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Figure 2. Impact of different organic fertilization treatments on soil NH4-N concentration at
different dates during the cropping period in three successive greenhouse tomato experiments (E1):
Experiment 1; (E2): Experiment 2; (E3): Experiment 3). Note: FYM = farmyard manure; L = legumes;
Rh = inoculation with Rhizobia; PGPR = inoculation with PGPR; OM = organic matter (FYM, legume
biomass).

In E1, the soil NO3-N was very low (9.1 mg kg~!) before incorporation of OM to the soil, but
increased sharply thereafter to 44 mg kg~! when only FYM was applied, and to 55 to 66 mg kg~! when
cowpea was also applied as green manure (Figure 3). Subsequently, the soil NO3-N decreased slightly
on the second sampling date, and increased again on the last sampling date, while the lowest values
were recorded consistently in the treatment without green manure application (FYM). The inoculation
with rhizobia, alone or together with PGPR, had no significant impact on the soil NO3-N. Similarly
to E1, the lowest soil NO3-N concentrations were recorded in the treatments of E2 and E3 without
green manure application (FYM), with the exception of the last sampling at crop termination in E2.
However, the inoculation with rhizobia alone or together with PGPR bacteria had no additional impact
on the soil NO3-N.
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Figure 3. Impact of different organic fertilization treatments on soil NO3-N concentration at
different dates during the cropping period in three successive greenhouse tomato experiments (E1):
Experiment 1; (E2): Experiment 2; (E3): Experiment 3). Note: FYM = farmyard manure; L = legumes;
Rh = inoculation with Rhizobia; PGPR = inoculation with PGPR; OM = organic matter (FYM, legume
biomass).

As shown in Table 5, the application of cowpea as green manure in addition to FYM increased the
total N in the soil to significantly higher levels than the sole application of FYM in E1. However, in E2
and E3, the incorporation of cowpea or faba bean to the soil as green manure had no significant impact on
the total N level in the soil. In E1, the total carbon concentration was significantly higher when cowpea
was incorporated into the soil as green manure, compared to the other three treatments, regardless of
inoculation with rhizobia alone or together with PGPR. However, in E2 and E3, no significant differences
in the soil carbon could be found between the tested treatments. The soil P and K concentrations were
not significantly influenced by the application of legumes as green manure.
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Table 5. Impact of different organic fertilization treatments on total organic C and N, and plant-available
P and Kin the soil at 3 weeks after incorporation of organic matter, in three successive experiments (E1, E2,
E3) with organic greenhouse tomato. Note: FYM = farmyard manure; FYM + L-NI = FYM and legume,
noninoculated; FYM + L-I-Rh = FYM and legume inoculated with rhizobia; FYM + L-I-Rh-PGPR = FYM
and legume inoculated with rhizobia and plant growth promoting rhizobacteria.

Treatment C (%) N (%) P (mg kg™1) K (mg kg™1)
1st Experiment
FYM 216b 0.20b 142 1018
FYM + L-NI 2.52a 0.23a 140 1031
FYM + L-I-Rh 248 a 0.23a 146 1073
FYM + L-I-Rh-PGPR 244a 0.22a 132 908
Significance of differences * * ns ns

2nd Experiment

FYM 3.20 0.33 188 908

FYM + L-NI 3.10 0.31 215 901

FYM + L-I-Rh 3.50 0.28 201 981

FYM + L-I-Rh-PGPR 3.60 0.29 174 908
Significance of differences ns ns ns ns

3rd Experiment

FYM 3.82 0.40 209 763

FYM + L-NI 3.90 0.40 201 646

FYM + L-I-Rh 4.01 0.40 189 722

FYM + L-I-Rh-PGPR 413 0.41 218 777
Significance of differences ns ns ns ns

Means (n = 4) followed by different letters within each column and experiment indicate significant differences
according to the Duncan’s multiple range test (p < 0.05); *significant at p < 0.05; ns = not significant.

3.3. Tomato Yield Components

In E1, the application of cowpea as green manure in addition to FYM resulted in lower yield
than in the treatment solely with application of FYM, regardless of inoculation with rhizobia alone or
rhizobia and PGPR, or no inoculation (Table 6). The higher yield in the FYM treatment was exclusively
due to a higher fruit number per plant, while the mean fruit weight did not differ significantly between
treatments. In contrast to E1, in E2 the incorporation of faba bean inoculated with rhizobia to the soil in
addition to FYM resulted in higher yield than the sole application of FYM, while the inoculation with
PGPR provided no additional benefit in terms of yield. In agreement with E2, in E3 the incorporation
of cowpea inoculated with rhizobia to the soil in addition to FYM resulted in higher yield than the
sole application of FYM. However, in E3, the yield was improved in all treatments when cowpea was
applied as green manure in addition to FYM, regardless of rhizobia and PGPR inoculation, compared
to sole FYM application. In both E2 and E3, the higher yield provided by application of legumes as
green manure compared to sole FYM application was exclusively due to a higher fruit number per
plant, while the mean fruit weight did not differ significantly between treatments.
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Table 6. Impact of different organic fertilization treatments on tomato yield components in three
successive experiments (E1, E2, E3) with organic greenhouse tomato. Note: FYM = farmyard manure;
FYM + L-NI = FYM and legume, noninoculated; FYM + L-I-Rh = FYM and legume inoculated
with rhizobia; FYM + L-I-Rh-PGPR = FYM and legume inoculated with rhizobia and plant growth
promoting rhizobacteria.

Treatment Total Yield (kg/m?)  Fruit (No Plant-1)  Mean Fruit Weight (g)
1st Experiment
FYM 73a 162 a 211
FYM + L-NI 57b 134b 200
FYM + L-I-Rh 56D 132b 200
FYM + L-I-Rh-PGPR 57b 13.2b 203
Significance of . s ns
differences

2nd Experiment

FYM 83b 19.1b 203

FYM + L-NI 83b 194 b 201

FYM + L-I-Rh 104 a 22.7 a 214

FYM + L-I-Rh-PGPR 95a 219a 204

Significance of . . ns
differences

3rd Experiment

FYM 119b 259b 224

FYM + L-NI 12.7 a 27.2a 228

FYM + L-I-Rh 12.8a 27.7 a 223

FYM + L-I-Rh-PGPR 13.1a 283 a 228

Significance of " “ ns
differences

Means (n = 4) followed by different letters within each column indicate significant differences according to the
Duncan’s multiple range test (p < 0.05); * and *** significant at p < 0.05, and p < 0.001, respectively; ns = not significant.

3.4. Tomato Tissue Analysis

In E1, the levels of total N and K in the plant tissues of tomato were not influenced by any
treatment, while P was significantly lower when FYM application was accompanied by green manure
from cowpea inoculated with Bradyrhizobium compared to sole FYM application (Table 7). In E2,
the sole application of FYM resulted in significantly lower total N levels compared to application of
FYM in combination with incorporation of faba bean residues originating from intercropping with the
preceding tomato crop. The concentrations of P and K in leaves were not influenced by any treatment
in E2. Finally, in E3, the tissue total N concentration was significantly lower in the FYM application,
while P and K were not influenced by any of the experimental treatments.
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Table 7. Impact of different organic fertilization treatments on leaf N, P, and K concentrations in
three successive experiments (E1, E2, E3) with organic greenhouse tomato. FYM = farmyard manure;
FYM + L-NI = FYM and legume, noninoculated; FYM + L-I-Rh = FYM and legume inoculated
with rhizobia; FYM + L-I-Rh-PGPR = FYM and legume inoculated with rhizobia and plant growth
promoting rhizobacteria.

Treatment N (mg g1) P (mgg™) K (mg g™)
1st Experiment
FYM 134 2.84a 53
FYM + L-NI 14.1 2.48 ab 59
FYM + L-I-Rh 14.1 1.96b 50
FYM + L-I-Rh-PGPR 12.6 2.14b 54
Significance of differences ns * ns

2nd Experiment

FYM 15.0b 2.25 81

FYM + L-NI 17.1ab 2.26 83

FYM + L-I-Rh 183 a 2.16 87

FYM + L-I-Rh-PGPR 183 a 2.26 87

Significance of differences * ns ns
3rd Experiment

FYM 282b 2.50 117

FYM + L-NI 31.8a 2.37 113

FYM + L-I-Rh 324a 2.24 113

FYM + L-I-Rh-PGPR 326a 242 116

Significance of differences * ns ns

Means (n = 4) followed by different letters within each column indicate significant differences according to the
Duncan’s multiple range test (p < 0.05); * significant at p < 0.05; ns = not significant.

3.5. Incidence of Nematode Infection

As shown in Table 8, the root-knot index in E1 was significantly higher when cowpea residues
were incorporated into the soil as green manure in addition to FYM, compared to sole application of
FYM. The inoculation of cowpea with rhizobia alone or rhizobia together with PGPR had no additional
impact on the root galling as indicated by the root-knot index. In E2 and E3, the root-knot index was
very low in all plots, without any significant differences between treatments.

Table 8. Effects of organic fertilization treatments on root galling in tomato plants cultivated in a
greenhouse following organic farming practices in E1. The root-knot index was estimated according to
Bridge and Page (1982) on scale of 1-10 (1 = no infection; 10 = totally infected). Note: FYM = farmyard
manure; FYM + L-NI = FYM and legume, noninoculated; FYM + L-I-Rh = FYM and legume inoculated
with rhizobia; FYM + L-I-Rh-PGPR = FYM and legume inoculated with rhizobia and PGPR.

Treatments Root-Knot Index
FYM 8.30 b
FYM + L-NI 9.18 a
FYM + L-I-Rh 9.32a
FYM + L-I-Rh-PGPR 9.37 a
Significance of differences o

Means (n = 4) followed by different letters indicate significant differences according to Duncan’s multiple range test
(p < 0.05); *** significant at p < 0.001; ns = not significant.

4. Discussion

As postulated by Atkinson and Watson [24], organic farming is characterized by a complexity
of relationships between different system components, and thus the sustainability of the system is
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dependent upon the functioning of a whole integrated and inter-related system. The results of the
present study provide a good example of the complexity of factors governing yield performance in
organic crops. Thus, in E1, the tomato fruit yield decreased significantly when cowpea fresh biomass
was incorporated into the soil as green manure (GM) in addition to FYM, despite the significantly
higher levels of soil NO3-N compared to sole FYM application, because the local cowpea variety used
as GM proved to be a good host of Meloidogyne incognita. As a result, the subsequent tomato crop was
more severely affected by the root-knot nematode when cowpea fresh biomass grown in the same plots
was incorporated into the soil prior to tomato transplanting. Watson et al. [11] already pointed out that
despite the benefits obtained from incorporation of green manures on N management, this cultural
practice may be associated with disease risks. However, in E2 and E3, the yield was increased
by the incorporation of legume biomass to the soil when the nematode infection was effectively
controlled. Grafting onto “Maxifort” provides substantial protection against root-knot nematodes [25].
Furthermore, nontoxic agents allowed for organic tomato production, such as Bacillus firmus and
Purpureocillium lilacinus strain 251, can provide additional protection [26,27]. Thus, the use of tomato
seedlings grafted onto “Maxifort” and the application of biological control agents against nematodes
effectively controlled the nematode infection in E2 and E3, thereby eliminating its interference with
crop performance and yield. As a result, the tomato crop benefited from the higher soil NO3-N levels
originating from the legume treatments, as indicated by the significantly higher fruit production,
and this effect is reasonable given that N represents the primary nutrient-limiting yield in organic
cropping systems [28,29].

In E1, three weeks after incorporation of FYM and legume biomass to the soil, the mean NO3-N
concentrations ranged from 55 to 66 mg kg~! in the plots treated with both FYM and cowpea
GM, and from 41 to 46 in the plots receiving only FYM. The NO3-N levels recorded in all plots
treated with cowpea GM at that stage of cultivation are considered adequate for tomato [30,31].
Nevertheless, in October 2017, the soil NO3-N in E1 decreased to levels close to or below 40 mg kg~! in
all treatments, which are considered insufficient for tomato plants carrying a heavy fruit load [8,32].
In agreement with this consideration, N deficiency symptoms were observed in tomato plants by the
end of October in E1. However, in E3, which was conducted one year later in the same season, the soil
NO3-N was maintained at sufficient levels for tomato production throughout the cropping period,
especially when cowpea GM inoculated with rhizobia and PGPR was applied. In contrast, in the plots
treated solely with FYM, the concentration of NO3-N in the soil ranged within insufficient levels in both
E1 and E3 (<50 mg kg~!) according to Sainju et al. [8]. The significant increase of the soil NO3-N when
cowpea was applied as GM compared to sole application of FYM indicates that GM with legumes is an
efficient tool to increase the soil N levels in organic tomato crops in greenhouses. However, the benefits
of cowpea GM with respect to the soil NO3-N levels were more profound in E3. This is reasonable,
as in organic crops fertility management relies on a long-term integrated approach [11], because the
release of nutrients from organic biomass incorporated into the soil is a long-lasting process exceeding
crop life.

In E2, a winter legume (faba bean) was applied as the intercrop in the preceding tomato crop to
deliver atmospheric N to the soil, since E2 took place during spring-summer, and thus the preceding
legume crop had to take place during late autumn and winter. Furthermore, E2 was conducted
immediately after the autumn—winter tomato crop of El in the same plots, in an attempt to assess
whether a legume plant cultivated as an intercrop in an autumn-winter tomato crop is beneficial to a
subsequent tomato crop cultivated in spring-summer season in terms of N supply. This would allow
for two subsequent organic tomato crops in the same year and concomitantly for an increase in the
grower’s income. Faba bean was selected to serve the above mentioned role because several studies
have shown that the incorporation of legume residues arising from the preceding crop into the soil
(including their application as green manure) increases growth and yield of many crops, such as canola,
maize, potato. and wheat [33,34]. The results in Figure 3 show that the soil NO3-N levels in E2 were
significantly higher at the beginning of the tomato crop when faba bean biomass originating from
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intercropping with the previous tomato crop was incorporated into the soil. However, the levels and
the difference in soil NO3-N were similar to those found at the end of the tomato crop in E1 before
incorporation of faba bean residues to the soil (Figure 3). Thus, the large difference in soil NO3-N
between the plots treated solely with FYM and those treated additionally with faba in E2, especially at
the beginning of the crop, seem to be directly or indirectly (e.g., by favoring the mineralization of FYM)
related to the significant N inputs from cowpea incorporation during the previous cropping period.
During the cropping period, this difference tended to decrease and finally diminished by the end of
the tomato crop in E2. These results indicate that faba bean did not contribute substantially to the
N needs of tomato in E2. As reported by Amanuel et al. [35] and Neugschwandtner et al. [36], faba
bean is an efficient N,-fixing legume plant, as in crops aiming to produce edible pods, this legume
plant was capable of contributing from 139 to 210 kg N ha~! and from 63 to 219 kg N ha~!, respectively,
through BNF. In agreement with those results, Ntatsi et al. [16] found that faba bean contributed up
to 190 kg N ha~! through BNF when cultivated for fresh pod production. However, in the current
study, faba bean was cultivated as an intercrop, which dictated a much lower plant density and less
light availability than in open-field crops, while it was incorporated into the soil at a much earlier
growth stage compared to the studies reported by Amanuel et al. [35], Neugschwandtner et al. [36],
and Nitatsi et al. [16]. Therefore, the net contribution of the faba bean intercrop to soil N through BNF
in the current study did not exceed 17 kg N ha~!, as shown in Table 4. These results indicate that
intercropping of faba bean in a previous tomato crop provides no substantial benefit in terms of N
delivery via BNF in a subsequent tomato crop.

The significant increase of N derived from atmospheric Nj-fixation (% Ndfa) in the shoots of
cowpea inoculated with Bradyrhizobium sp. VULI11 in E1 (Figure 1) show that efficient indigenous
rhizobia strains suitable for cowpea were not present in the greenhouse soil used for this experiment.
This is corroborated by the appreciably higher number and mean individual dry weight of nodules
collected from cowpea plants inoculated with rhizobia compared to those measured in the roots of
noninoculated plants. As reported by Soares et al. [37], inoculation of cowpea with Bradyrhizobium
strains characterized by high nitrogen-fixing capacity in symbiosis with cowpea can substantially
increase the ability of this plant species to fix atmospheric Np. Although cowpea is considered a
promiscuous species capable of establishing efficient symbiosis with diverse symbiotic bacteria [38],
the most efficient symbiotic relationships are achieved with Bradyrhizobium species [39], especially in
nonalkaline soils [12]. In the current study, the indigenous Bradyrhizobium strain VULI11 [40] was used
as inoculum, which exhibited high N,-fixing ability for cowpea, as confirmed by the results of E1.
Nevertheless, in E3 the %Ndfa was similar in inoculated and noninoculated cowpea plants, which
indicates that the inoculum applied during E1 was capable of persisting and spreading out throughout
the field trial area, and was likely present at high populations in the soil in all plots one year later in E3.
The similar %Ndfa values in inoculated and noninoculated cowpea plants in E3 are in line with the
similar number of nodules per root segment and individual nodule dry weight, which were measured
shortly before incorporation of faba bean to the soil. Thus, inoculation with Bradyrhizobium sp. did not
increase the BNF of cowpea plants and concomitantly provided no benefit to the subsequent tomato
crop in E3. These results indicate that inoculation of cowpea with rhizobia is beneficial mainly in
fields where this plant had been not cultivated in the recent years, and thus efficient rhizobia strains
for cowpea were not present in the soil. Several other investigators found no benefit from rhizobia
inoculation of legumes when efficient indigenous rhizobia strains for that particular legume species
were present in the soil [41-43]. Furthermore, the significant decrease of the %Ndfa in E3 compared
to E1 in the inoculated treatments is ascribed to the notably higher soil nitrate concentrations in E3.
Indeed, as shown by other researchers [44,45], high NO3-N concentrations in the root zone of legume
plants are associated with reduced nodulation and N,-fixation.

The %Ndfa in faba bean fresh biomass ranged from 73% to 78% at crop termination, while
inoculation of faba bean with Rhizobium sp. VFBL1 had no significant impact on %Ndfa (Figure 1B),
or on fresh biomass, tissue N concentration, or BNF (Table 4). The similar %Ndfa, tissue N, and BNF
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values between treatments in E2 are in agreement with the lack of any significant differences in the
number and mean size of nodules, which were high in all treatments. These results indicate that
indigenous rhizobia strains that are capable of nodulating faba bean and efficiently fixing atmospheric
N, were present in the greenhouse soil, and thus inoculation with Rhizobium sp. VFBL1 did not provide
any benefit to the plants. This finding is in agreement with results found in a previous study [16],
in which the %Ndfa in faba bean plants cultivated for fresh pod production in an open field ranged
from 79% to 91%, although the plants were not inoculated with rhizobia. Neugschwandtner et al. [36]
also found that faba bean was capable of fixing high amounts of atmospheric N, (219 kg/ha™! on
average), although the plant was not inoculated with any rhizobia.

In nonacidic, oxic topsoils with high microbial activity, NH4-N derived from organic matter
mineralization is rapidly converted into NO3-N by nitrification. Therefore, whereas similar trends in
soil NH4-N concentrations were observed in all plots in all three experiments, regardless of legume
application as green manure or intercrop, differences in soil NO3-N concentrations between treatments
better reflected the differences in net organic N mineralization (under nonleaching conditions typical
of the greenhouse environment).

Apart from different N inputs, one of the main factors influencing the N availability for the crop
as a result of organic N mineralization is the C/N ratio of the decomposing organic matter [46]. This is
because the C/N ratio determines the balance between the rates of microbial N immobilization and
mineralization, and therefore the net supply of plant-available N [47,48]. Other factors determining
the N mineralization rate, such as the soil type and the soil temperature [49], were similar between
treatments at the same time in the experiments of this study. Thus, the higher N supply observed
in the plots receiving legume residues applied as green manure together with FYM with respect to
those treated only with FYM, as indicated by the generally higher NO3-N concentrations, may be
ascribed to a combination of higher N inputs as well as lower C/N ratio of incorporated organic matter
in the former.

The changes in the soil NO3-N concentration over time seem to be influenced not only by the
time and quantity of organic matter incorporation to the soil and the C/N ratio in the organic matter,
but also by the soil temperature, which has a direct impact on N mineralization rates [49] and plant
uptake. Indeed, as reported by Bhogal et al. [50], the amount of mineralized N is related to thermal
time (i.e., the cumulative day degrees above 5 °C). Thus, since the tomato crop in E1 and E3 took
place from August to January, it is assumed that the reduction in soil NO3-N levels at a latter cropping
stage was partly due to decreased soil temperature as the crop was aging, which gradually restricted
the net N mineralization rates. The partial recovery of the soil NO3-N in January in E1 and E3 is
ascribed to reduced mineral N uptake by the tomato crop due to the low soil temperature. The optimal
temperature for the nitrifying bacteria is 41 °C [51], while for N uptake by tomato the optimal level in
the roots is about 27 °C [52]. Thus, it seems that the season-related gradual reduction of the ambient
temperature in E1 and E3 initially restricted the conversion of organic N to NO3-N, but in January,
the further reduction of the ambient temperature also affected the N uptake, resulting in the small
increase of soil NO3-N at that stage of the crop. In contrast to E1, which was an autumn crop, in E2,
which was a spring-summer crop, the soil NO3-N tended to decline consistently with time in all
treatments, presumably because the net N mineralization rate was lower than the rate of plant uptake.
This is reasonable, given the relatively low amount of BNF contributed by the faba bean intercrop
(Table 4) and the increasing N needs by the crop with time as the climatic conditions in spring and
early summer are favorable for plant growth.

The levels of plant-available P and K in the soil were not influenced by the incorporation of
legumes to the soil, and thus their tissue concentrations were not affected by the treatments applied
in the current experiments, with the exception of leaf P in E1. From a first approach, the lack of a
treatment impact on P and K nutrition is reasonable, given that the legumes used as green manure
utilize the available P and K of the soil to grow, and thus their incorporation to the soil does not result
in a net input of these nutrients to the soil [53]. In many cases, green manure may result in utilization
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of plant-available nutrient resources from deeper soil layers [54], or nutrients that might be leached out
through rainfall [53] if the field were not cultivated by the green manure crop. However, in the current
experiment, both legumes were cultivated for short periods, and thus they had no time to develop
a deep root system, while the cultivation of tomato inside a greenhouse prevented any leaching of
nutrients via rainfall. On the other hand, the green manure crop may immobilize part of the absorbed
P and K for more than one year depending on the weather conditions [55]. Nevertheless, as shown in
Table 5, the soil P and K reserves were high in the soil of the greenhouse used in the present experiments,
and thus any reduction of their availability due to immobilization in the legume residues incorporated
into the soil had no impact on tomato nutrition by K and P.

The increase of the soil organic C, total N, and plant-available P concentrations in E2 compared
to E1 and their further increase in E3 indicate that the organic fertilization practices applied in the
current study were capable of increasing the soil fertility as they increased the reserves of organic
matter, characterized by a low C/N ratio. This is in line with the suggestions of Janzen et al. [56]
and Watson et al. [11] that the primary advantage of organic management practices is the long-term
replenishment of stable organic N reserves in the soil. The present study further showed that FYM is
capable of increasing the soil P reserves in organic tomato crops. On the other hand, the reduction of
the soil K in E2 compared to E1 and the further decrease of soil K in E3 show that in the long term,
the K requirements of greenhouse organic tomato cannot be addressed merely by organic fertilization
treatments [57]. This finding stresses the necessity to apply inorganic forms of K compatible with
organic agriculture in organic greenhouse tomato, such as potassium and magnesium sulphate.

5. Conclusions

The current study revealed that incorporation of cowpea as summer green manure in the soil in
addition to farmyard manure (FYM) can increase both the total N and the nitrate concentrations in the
soil, thereby resulting in higher fruit yield in organic tomato crops.

In contrast, intercropping of a legume such as faba bean with greenhouse tomato and incorporation
to the soil at the end of the tomato crop hardly provides any benefit to the subsequent tomato crop,
and therefore it is not recommended for greenhouse production of organic tomato. The main constraint
of this practice is the limited area available for the faba bean intercrop, which compromises the amount
of atmospheric N, fixed biologically and delivered to the subsequent crop after N mineralization.

Despite the benefits obtained from incorporation of green manures on N availability, this cultural
practice may be associated with diseases risk, as indicated by the stronger nematode infection in the
plots accommodating cowpea as green manure in E1.

Furthermore, inoculation of the legumes used as green manure with specific rhizobia strains,
especially when the legume is sown for the first time in the particular soil, can promote the nodulation
of rhizobia, and hence increase BNF efficiency and N inputs to the soil, thereby improving crop yield.

The gradual increase of the soil C and total N in all plots over the whole experimental period
strongly supports the notion that the major benefit of organic farming practices in greenhouse tomato
crops is the maintenance of soil fertility for long-term crop productivity and sustainability.
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