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Abstract: Legume catch crops can enhance soil fertility and promote the N and P supply of the sub-
sequent main crop, especially with low mineral fertilizer use. However, the specific impact of catch
crops on arbuscular mycorrhiza formation of the following main crop is unknown. Therefore, the
impact of serradella (Ornithopus sativus) vs. bare fallow was tested on mycorrhiza formation, potential
soil enzyme activities and plant-available P under subsequently grown barley (Hordeum vulgare)
and different fertilization treatments (P-unfertilized—PO0; triple superphosphate—TSP; compost—
COM; combined—COM + TSP) in a long-term field experiment in northeastern Germany. Catch
cropping significantly increased mycorrhiza formation of barley up to 14% compared to bare fal-
low. The impact of serradella on mycorrhiza formation exceeded that of the fertilization treatment.
Serradella led to increased phosphodiesterase activities and decreased 8-glucosidase activities in
soil. Plant availability of P was not significantly affected by serradella. These findings provide initial
evidence that even serradella as a non-host crop of mycorrhizal fungi can promote the mycorrhiza
formation of the subsequent crop and P mobilization in soil. We conclude that the prolonged vegeta-
tion cover of arable soils by the use of catch crops can promote P mobilization and transfer from P
pools to the following main crops.

Keywords: mycorrhiza; P fertilization; catch crop; barley; crop rotation; P mobilization

1. Introduction

Phosphorus (P) is an essential plant nutrient which is often the determining factor
for proper yields in agriculture. Despite the partly large total P pools in soil, only a
small portion of it is plant-available, and low plant availability of P in soil can limit plant
performance and growth [1]. Consequently, high and sustainable crop production requires
P supplements. However, supplementary mineral P fertilizers are produced from mining
deposits, which are finite and often contaminated with cadmium and uranium [2—-4]. Thus,
P fertilizer applications need to be reduced by an increased efficiency of the P use from the
soil P pool.

Plants and microorganisms jointly contribute to P mobilization from the less mobile
P pools in soil. Arbuscular mycorrhizal (AM) fungi link microbial P mobilization with
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P transfer to plants and can significantly enhance the plant P use efficiency of their host
plants from the soil P pools by increasing the soil volume out of which P is acquired by
their mycelial network [5-7]. In addition, AM fungi can promote plant growth by the
mitigation of abiotic and biotic stress [8-11]. Plant symbionts depend on the presence of
host plants. Therefore, crop rotation and periods of bare soil have a significant impact
on AM fungi and on P cycling in soil [12,13]. Catch crop cultivation can contribute to
increasing the P availability for the subsequent crop and minimize the risk of nutrient
losses from soil [14,15]. The variety of plant species used as catch crops is constantly
expanding, but legumes are particularly relevant due to their combined abilities for Np
fixation and efficient P mobilization [16-18]. A frequently used legume catch crop in warm
and humid climate zones is serradella (Ornithopus sativus) [19]. This legume forms nodules
with symbiotic diazotrophic bacteria of the genus Bradyrhizobium, which have the ability
to promote the host plant’s growth by an improved N supply and P mobilization [20,21].
In contrast to the majority of legumes, serradella is non-host plant of AM fungi but acquires
P mostly by the use of its long (>0.40 mm) root hairs [22]. Other non-host plants of
mycorrhizal fungi, such as Indian mustard (Brassica juncea), were revealed to decrease the
subsequent mycorrhizal colonization of host crops in the crop rotation [23,24]. Serradella
has not yet been tested for its potential impact on the subsequent mycorrhiza formation of
host crops, although it seems to be a very promising crop to promote P use efficiency from
the soil pool in general.

Therefore, we investigated the crop-specific impact of serradella on a subsequent myc-
orrhizal main crop (Hordeum vulgare) under different P fertilization treatments. We hypothe-
sized the following: (I) the addition of nitrogen by symbiotic diazotrophic and P-mobilizing
bacteria will promote the subsequent P supply and growth of barley; (II) alternatively, ser-
radella, as a non-mycorrhizal crop, can decrease the mycorrhiza formation and P supply of
subsequent grown barley by decreased P transfer to the host plants.

2. Materials and Methods
2.1. Experimental Design and Sampling

The study was conducted in 2018 and 2019 at a long-term field experiment (LTFE) with
a constant fertilizer regime since 1998 in northern Germany (54°3'41.47"" N; 12°5'5.59" E).
The predominant soil unit is a Stagnic Cambisol according to the World Reference Base
for Soil Resources [25]. The soil texture of the topsoil has been characterized as loamy
sand. The mean temperature during the vegetation period was 11.5 °C and the mean
precipitation was 460 mm (Figure 1).
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Figure 1. Temperature (line, monthly mean) and precipitation (bars, monthly sum) at the experimen-
tal test site in Rostock within the vegetation period from August 2018 to July 2019.
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The LTFE included nine fertilizer treatments and was arranged as a randomized split-
plot in four replicates with a plot size of 5 x 6 m. This study focused on plots with four
fertilizer treatments: triple superphosphate (TSP), biowaste compost (COM), a combination
of biowaste compost and triple superphosphate (COM + TSP) and a control (P0) without
additional P fertilizer. TSP was applied annually at rates of about 21.8 kg P ha~! until 2013
and at a rate of 30 kg P ha~! from 2014. Manure and compost were applied every third
year since 1998 (latest application before test period in 2016) at a rate of about 30 t ha=!.
Controls received no P fertilizer. In 1998, the initial concentration of double lactate soluble
P (P4) was 42.2 mg P kg~ !. That indicates a suboptimal P supply according to the German
soil phosphorus classification [14].

At the end of August 2018, after the harvest of winter barley, initial soil samples were
taken and nutrient stocks determined (see Table 1). Afterwards, plots were divided into
two subplots. One was sown with the catch crop French serradella (Ornithopus sativus,
variety “Margherita”) while the other half was left as a bare fallow. In spring, serradella
was incorporated by ploughing and spring barley (Hordeum vulgare, variety “Planet”)
was sown all over the plots. Fertilization was performed shortly after the seeding (70 kg N ha~1)
and in the early development of BBCH 30 (150 kg K ha™1).

Table 1. Initial soil C and nutrient element stocks (Cyot: total carbon; Nioy: total nitrogen; Pioy: total
phosphorus) of the different fertilization treatments (P0—mno additional P, TSP—triple superphos-
phate; COM—compost; COM + TSP—compost + TSP) at the beginning of the experiment at the test
site Rostock in 2018; post hoc Tukey HSD p < 0.05; abc = differences between treatments.

Fertilization Crot (gkg™1) Niot (g kg™ Peot (g kg™ 1)
PO 77+0.0a 09+00a 05+00c

TSP 794+ 0.0a 1.0+ 0.0a 0.5+ 0.0bc
COM 99+ 00Db 1.1£+0.0a 0.5+ 0.0 ab
COM + TSP 103+ 0.0b 1.0+00a 0.6+00a

Soil and biomass samples were taken at an early development stage of spring barley
(BBCH 33) in May 2019 and shortly before harvesting in July 2019 (BBCH 69). Three soil
samples were taken with a corer (3 cm diameter) from the topsoil (0 to 10 cm soil depth)
of each subplot. The samples were stored at 4 °C for microbial analyses. Subsamples
were air-dried, sieved to <2 mm and milled for chemical analyses. Additionally, five plant
samples were collected at the sampling dates. Shoot and root biomass was separated.
Shoot biomass was weighted, dried at 60 °C and milled (Retsch GmbH, Haan, Germany)
for elemental analyses. Root samples were cleaned and stored in H,O at 4 °C.

2.2. Analyses of Carbon, Nitrogen and Phosphorus in Plant and Soil

Total concentrations of carbon and nitrogen in plant and soil (Tables S1 and S2) were
determined by a CNS-Analyzer (Vario EL, Fa. Foss Heraeus, Hanau, Germany) using air-
dried and milled plant and soil material (DIN ISO 10694: 1996-08, DIN ISO 13787: 1998-11).
Double lactate-extractable P (Pq;) was determined by extracting P from 0.6 g soil with
30 mL lactate solution [26,27]. The phosphate concentrations in the extract were measured
with inductively coupled plasma optical emission spectroscopy (ICP-OES, Optima 8300,
Perkin Elmer, Waltham, MA, USA) at a wavelength of 214.914 nm. Ppy, has been considered
to represent the plant-available P in soils [28,29].

The P concentration in plant material was determined by digesting 0.1 g biomass
with 5 mL HNOj and 3 mL H;0; in a microwave (Mars Xpress, CEM, Kamp-Lintfort,
Germany) followed by diluting with H,O dest. to a volume of 25 mL (DIN 38406-E22).
Concentrations of P were measured with ICP-OES at a wavelength of 214.914 nm.

2.3. Analyses of Mycorrhizal Colonization and Soil Enzyme Activities

For the determination of the mycorrhizal colonization, fine roots were rinsed with
distilled water and cut into 10-millimeter sections. The segments were cleared with 10%
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KOH at room temperature for 24 h and acidified for 15 min in 1% HCI, and the fungal
root colonizations were stained with 0.05% chlorazol black E [30]. Quantification of the
arbuscular mycorrhiza formation was performed using the intersection method [31].

The potential activities of the acid and alkaline phosphomonoesterase (ACP and ALP),
phosphodiesterase (PDE) and 3-glucosidase (GLA) enzymes were determined. Activities
were measured in ug p-nitrophenol by released phenol from a previously administered
substrate solution in 1 g field moisture soil within 1 h (ug p-nitrophenol g™! h™1) [32-35].
Based on a suggestion by Nannipieri et al., the method was minimally modified by not
adding toluene for this short incubation time [36].

2.4. Statistical Analyses

Statistical analysis of the data was performed with R (Version 1.2.1335) and the asso-
ciated R packages hmisc (https://cran.r-project.org/web/packages/Hmisc/index.html;
version 4.4-2, accessed on 2 August 2021) and agricolae (https:/ /cran.r-project.org/web/
packages/agricolae/index.html; version 1.3-2; accessed on 2 August 2021) and with PAST3
(PAleontological STatistics Version 3). Differences between the treatments were considered
as significant at p < 0.05.

3. Results
3.1. Plant-Available P Content in the Soil

The plant-available P content in the soil was strongly influenced by the applied
fertilizers and did not follow a seasonal pattern (see Figure 2, Table 2). The highest amounts
of plant-available P in soil were measured on plots where the combined COM + TSP
fertilization was applied with up to 6.5 mg P 100 g~! soil. Values in the TSP and COM
treatments were lower and reached only 4-5 mg P 100 g~ ! soil. As expected, the control
plots without fertilization had the lowest values. Interestingly, the catch crop showed an
effect only at the later samplings. Here, the P-unfertilized plots with serradella pre-cropped
showed higher values compared to the bare fallow subplots.
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Figure 2. Content of plant-available P (mg 100 g~ ! soil) in the rhizosphere of spring barley affected by different fertilizer

treatments (P0—no additional P; TSP—triple superphosphate; COM—compost; COM + TSP—compost + triple superphos-

phate) and pretreatment (with/without catch crop) in May and July 2019 at the test site in Rostock; post hoc test Tukey HSD

p < 0.05; bars with small letters indicate significant differences between fertilization and treatment in the sampling.
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Table 2. Results of two-way analysis of variance (ANOVA) on the effect of treatment with/without
catch crop, fertilization and their interaction (treatment X fertilization) on potential acid and alkaline
phosphomonoesterases activities (ACP, ALP), phosphodiesterases activities (PDE), 3-glucosidases ac-
tivities (GLA), plant-available phosphorus (P-DL), arbuscular mycorrhizal fungi (AMF) colonization,
P in plant biomass (P-plant) and C:N ratio in biomass (C/N plant) of spring barley from May 2019
and July 2019 on the test site of Rostock. Bold numbers indicate significant differences (p < 0.05).

Sampling Parameter Treatment Fertilization Interaction
N
T e
o p e

e A Emwm
P-DL p 0.980 <0.001 0.998

F <0.001 9.540 0.032
weopogmoem o
L b

g f Mt o
Acr g oo oms  oem
ALP : g2 s oo

ply2019 - FDE t i oe 0%l
LA ; 2% oss o6y
PDL i ome el o

3.2. Potential Soil Enzyme Activities and Mycorrhiza Formation

As expected, all potential enzymatic activities showed a clear seasonal dynamic with
higher activities at the earlier sampling in May (see Figure 3). Only for the £3-glucosidase
this effect was not visible. The activity of GLA in the rhizosphere of spring barley on the
bare fallow subplots surpassed the activity in comparison to the catch-crop-pretreated
subplots in May and in July (Table 2).

In May;, for the alkaline phosphomonoesterase and phosphodiesterases, clear effects
of the fertilizer and increased values were visible. In general, the supply of organic
amendments (COM, COM + TSP) resulted in higher potential activities in comparison to
the treatments with inorganic fertilizer (TSP) or without additional P fertilizer (P0), except
for acid phosphomonoesterase activities. There were no significant differences between
PO and TSP or between COM and COM + TSP. Fertilizer-specific differences were mainly
stronger in May 2019 than in July 2019 with the exception of ACP.

The arbuscular mycorrhizal (AM) colonization on the fine roots of spring barley in
May 2019 ranged from 34 to 49% (see Figure 4).
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Figure 3. Potential soil enzyme activities of (a) acid phosphomonoesterases (ACP), (b) alkaline phosphomonoesterases
(ALP), (c) phosphodiesterases (PDE) and (d) -glucosidases (GLA) in May and July 2019 as affected by fertilization
(P—no additional P; TSP—triple superphosphate; COM—compost; COM + TSP—compost + triple superphosphate)
and pretreatment (with/without catch crop) at the field experiment in Rostock; post hoc test Kruskal-Wallis p < 0.05;
abcd = differences between treatments and fertilization within a sampling date.
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Figure 4. Arbuscular mycorrhizal colonization of barley (BBCH 33) affected by pretreatment
(with/without catch crop) and fertilization in May 2019 on the test site of Rostock; post hoc test
Kruskal-Wallis p < 0.05; bars with different small letters indicate significant differences between

treatment and fertilization.

On the plots with previous catch crops, the fine roots of spring barley had signifi-
cantly higher mycorrhizal colonization in comparison to the bare fallow plots (Table 2).
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The fertilization did not affect the AMF abundance. All fertilization treatments within
the pretreatments (catch crop or bare fallow) had almost the same level of mycorrhizal
colonization. The serradella-pretreated organic fertilized (COM) plots resulted in a 14%
higher formation of arbuscular mycorrhizal root length of spring barley compared to bare
fallow plots. The lowest impact on the abundance of mycorrhiza within a fertilization
treatment was found with the mineral fertilizer (TSP) with a difference of 4.5%.

Figure 5 shows the negative correlation of mycorrhizal colonization and potential

-glucosidases activities. Increasing soil enzyme activities led to a decreasing abundance
of mycorrhiza formation.
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Figure 5. Correlation of the arbuscular mycorrhizal fine root length of spring barley and the poten-

tial B-glucosidases (GLA) activity in the rhizosphere of spring barley in May 2019 at the test site
of Rostock.

3.3. Grain Yield and P Content in the Shoot of Spring Barley

The grain yield of spring barley ranged from 30 to 40 dt ha—! (see Figure 6). The lowest
yield was revealed with P-unfertilized treatment (P0). Pre-cropping of serradella did not
affect the corn yield of spring barley significantly, whereas any P application tended to
generate a yield increase.
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Figure 6. Grain yield of spring barley (dt ha—!) in August 2019 affected by fertilization (P0—no
additional P; TSP—triple superphosphate; COM—compost; COM + TSP—compost + triple super-
phosphate) and with/without serradella as previous crop; post hoc Tukey HSD p < 0.05; a = no
differences between treatments and fertilization.



Agronomy 2021, 11, 2437

8 of 12

The shoot P content differed significantly within the growing season between May
and June (see Figure 7). It was significantly lower with PO (4.2 mg g~ ') than with fertilizer
treatments (5-6.5 mg P g~ 1) in May 2019. The overall effect of the catch crop was revealed
at BBCH 33 (see Table 2). The values obtained from the plants shortly before harvest were
in the range of 3 mg P g~ !. Here, a significant effect of the fertilizer and the previous crop
was revealed only with TSP fertilization. The P content in shoots grown after bare fallow
was higher than that after serradella growth. The shoot P content with PO did not differ
from that with the fertilizer treatments.

b b abab abab a a @ serradella

O bare fallow

P in plant biomass [mg g]
(=] = N w E-Y w a ~ (o]

20 RGN

May July

Figure 7. Phosphorus in aboveground biomass (mg g_l) of spring barley (BBCH 33 and 69) affected
by different fertilization treatments (P0—no additional P; TSP—triple superphosphate; COM—
compost; COM + TSP—compost + triple superphosphate) and with/without serradella as pre-crop in
May and July 2019 at the test site of Rostock; post hoc Tukey HSD p < 0.05; abc = differences between
treatments and fertilization within the sampling date.

4. Discussion

The analyses revealed that pre-cropping of serradella can promote mycorrhiza for-
mation of subsequent grown barley compared to previous bare fallow in all treatments
of fertilization (Figure 4). This confirms that the crop rotation is a significant factor in
the control of mycorrhizal abundance [24,37,38]. In the present study, the mycorrhizal
colonization of barley ranged from 34 to 49% of the fine root length (see Figure 4). This is in
the lower range of mycorrhizal colonization of barley observed in a study of Castillo et al.
in Andosols in southern Chile (from 30 up to 80% of the fine root length) [39]. Although
it is known that the mycorrhizal colonization of cereals, such as barley, can vary signifi-
cantly [40,41], increased colonization is, in general, assumed to be an indicator of increased
mycorrhizal dependency of the host plant [42]. Consequently, the increased mycorrhizal
dependency of barley after serradella cropping confirms our hypothesis that catch crops
promote the growth of AM fungi, even in response to a non-host plant (serradella). This is
in line with results of Poveda et al. [43], who found mycorrhiza formation even on non-host
plants (Brassicaceae) under favorable rhizosphere conditions. Furthermore, a meta-analysis
of seven studies with 60 observations on different catch crop types indicated the potential
of catch crops for mycorrhiza formation [44]. Our results specified this for the first time for
the cropping of barley after serradella.

Barley is known for its rather low mycorrhiza dependency and responds similarly to
non-host crops on mycorrhizal colonization by elevated levels of endogenous jasmonic
acid as a host defense against infections [40,45]. For this reason, the combination of a
previous non-host with a following host with low mycorrhiza dependency might provide
favored competitive fungal partners in increased root colonization (see Figure 4). Previous
results on catch cropping before the mycorrhizal host plant maize revealed a wide range
of crop-specific impacts on the mycorrhiza formation of maize [24]. This underlines
that defined combinations of catch crops and main crops have to be tested individually.
Under barley, the increased mycorrhizal colonization was significantly correlated with
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decreased potential 8-glucosidase activity in the soil (see Figure 7). This correlation might
be explained by increased translocation of assimilates as a C source to soil microorganisms
by mycorrhizal plants and a consequently decreased need for saprotrophic C supply by the
enzymatic hydrolysis of polysaccharides [46]. The $3-glucosidase activity links the C cycling
with P mobilization [47] and is affected by organic fertilization, similar to phosphatase
activities (see Figure 3).

Both organic fertilization and cover crops are known to control soil enzyme activities
in C and P cycling [38,48-50]. The increased soil enzyme activities in treatments with
organic amendments (COM, COM + TSP) in the present study agree with the results in
response to compost application by Peine et al. (2019) and those in response to municipal
wastewater sludge by Dindar et al. (2015) [38,49]. The impact of organic amendments is
assumed to be based on the addition of substrates for the enzymes and on the general
promotion of microbial activity in the soil by an improved nutrient supply [51].

In contrast to the fertilization, previous growth of the catch crop serradella had
no considerable effects on the activities on hydrolytic soil enzymes (phosphatases and
3-glucosidase) under barley in the present study (see Figure 5). However, in the meta-
analysis of Hallama et al. (2019), up to 20% increased phosphatase activities after catch
cropping were reported [44]. Especially legumes, such our test crop serradella, had the
largest effects on soil phosphatase activities. We assume that the dominating effects of
fertilization masked the impact of the catch crop in the present study [38].

The plant-available P content in the present non-P-fertilized control (P0: 3.1-3.9 mg
P 100 g~ ! soil) revealed P deficiency according to the German fertilizer recommenda-
tions, while in the treatments with a mix of compost and mineral fertilizer (COM + TSP),
an optimal plant availability of P was measured [29]. In consequence, this fertilized treat-
ment had up to 31% higher P contents than the control in the early growth of barley.
The P supply in early growth is known to be particularly important for the later yield [52].
The dimension of the significant effect of fertilization under P-deficient conditions agrees
with the results for other different crops in the studies of Cadot et al. (2018) and Gao et al.
(2016) [53,54]. Similar tendencies were observed for maize cropping in the study of Peine
et al. (2019) at the same test site [38].

In contrast to the fertilization, pre-growth of serradella had no lasting effect on the P
availability in soil under subsequent grown spring barley, although the general potential
of serradella to increase the plant availability of P in soil is known [14]. Additionally, the P
content in the aboveground biomass of spring barley was not affected by the pre-growth of
serradella. In contrast to our results, Talgre et al. (2012) reported increased P contents in
barley grains by 29-71% due to previous legume catch crops (red clover, lucerne hybrid,
birds-foot) along with increased plant-available P contents in two field experiments [15].

Focusing on the effects of serradella on all measured plant traits (C:N ratio, P in plant
biomass, mycorrhizal colonization) of spring barley still revealed a differentiation but also
a slight overlapping from the treatment grown on the bare fallow (see Figure 8).

Among the plant traits studied, the mycorrhiza formation of the subsequent crop
was especially sensitive to the pre-cropping of serradella. Therefore, we conclude that
the mycorrhiza formation of the subsequent crop suitably indicates the catch crop effects
on the microbial P transfer in soil. Since this effect was particularly pronounced in plots
with organic amendments, it is concluded that organic amendments cannot substitute
the growing of catch crops in the rotation regarding mycorrhiza promotion. Since these
conclusions are derived from the investigation of one catch crop at one field site, we
propose testing a wider range of catch crops to evaluate the crop-specific soil ecology and
also the economic value of mycorrhiza promotion by catch crops to allow generalized
management recommendations.
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Component 2

Component 1

Figure 8. Principal component analysis (PCA) of plant properties (C:N ratio, P in plant biomass
and mycorrhizal colonization) as affected by pretreatment (with catch crop—Ser; without catch
crop—Con) in the field experiment in Rostock.
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compost; COM + TSP—compost + TSP) and treatment with/without serradella in May and July
2019 on the test site Rostock. Mean values + standard deviation; post hoc test Tukey HSD p < 0.05;
abc = differences between fertilization and treatment within the sampling date. Table S2: Soil nu-
trient stocks (Ciot: total carbon, Niot: total nitrogen, Pyot: total phosphorus) affected by fertilization
(PO—no additional P, TSP—triple superphosphate; COM—compost; COM + TSP—compost + TSP)
and treatment with/without serradella in May and July 2019 on the test site Rostock. Mean
values + standard deviation; post hoc test Kruskal-Wallis p < 0.05; abc = differences between fertil-
ization and treatment within the sampling date.
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