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Abstract

Background: Populations of plant growth-promoting microorganisms (PGPMs) inoculated in natural soil typically
decline over time due unfavourable biotic and/or abiotic factor(s). Improving subsurface root density may enhance
PGPM establishment due to high concentrations of organic nutrients released as root exudates. Placing subsurface
root-attracting NH, *-fertilizer depots may form such zones of dense localized rooting (‘rhizosphere hotspots”) that
can enhance PGPM survival. Nevertheless, required soil conditions that favour formation of rhizosphere hotspots are
unknown. This study aimed to investigate: (1) background soil N, effect on NHﬁ—depot—zone root growth; (2) PGPM
tolerance to high NH4Jr concentrations (& nitrification inhibitor, DMPP); (3) ability to solubilize sparingly soluble inor-
ganic phosphates; (4) and establishment in a subsurface NH,™-depot.

Methods: We conducted a greenhouse rhizobox experiment using spring wheat (Triticum aestivum L) to investigate
the effect of background N...., (0, 5, 20 and 60 mg N kg™") on root growth around a 1 g NH, "N depot. The tolerance
of selected PGPMs to 0, 2, 10, 50, 250, 1250 mM NH,~N and 0, 0.1, T and 3 M NH,-N &= DMPP was investigated via

in vitro culture tests. Promising candidates were further tested for solubilization of tri-calcium phosphate (Ca—P), rock
phosphate (RP) or sewage sludge ash (SA). One PGPM was inoculated in a "°N-labelled (NH,),SO, 4+ DMPP depot in
rhizobox-grown maize (Zea mays L.) and root colonization was measured.

Results and discussion: N_. 5-20 mg N kg™ improved depot-zone root growth, whereas 60 mg N kg™ reduced it.
Tested PGPMs were tolerant to up to 1250 mM NH,-N. Pseudomonas sp. DSMZ 13134 and B. amyloliquefaciens FZB42
(not Trichoderma harzianum T-22) solubilized Ca—P and RP via acidification, whereas SA was not solubilized despite
marked acidification. Placed "°N-labelled (NH,),SO, + DMPP depot led to increased localized rooting, rhizosphere
acidification, shoot '°N signal, N and P concentrations and contents than homogenously applied Ca(NOs),. Inocula-
tion of Pseudomonas sp. DSMZ 13134 tended to increase shoot N and P concentrations, and shoot N content relative
to the control. Higher colonization of Pseudomonas sp. DSMZ 13134 was measured in soil around the NH,™-depot
than in corresponding soil zone in treatments with NO; ™.

Conclusion: These results show the first promising effects of combining fertilizer placement and application of
P-solubilizing PGPMs on plant growth.
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Background

Subsurface placement of manures or mineral fertiliz-
ers produces higher crop nutrient uptake and yield
than conventional surface broadcast [1-4]. Among oth-
ers, intense rooting in nutrient patches and increased
nutrient uptake rates favour exploitation of subsurface
fertilizer depots. Therefore, providing high concentra-
tions of nutrients that stimulate root growth at the site
of root contact (e.g. NH," and HPO,*/H,PO,” or
CO(NH,), and HPO,> /H,PO,", the later under opti-
mal ammonification conditions) [2, 5] and are poorly
mobile in soil [6-9], crops can more efficiently acquire
fertilizer-depot nutrients, thus improving their yields
[4]. Nevertheless, it has been shown that intense root-
ing may not occur around fertilizer depots based on
manure or mineral N under greenhouse and field condi-
tions [10]; (Miiller et al. 2009, unpublished results). The
reasons for this are unclear. Therefore, we hypothesize
that localized root growth around a subsurface fertilizer
depot depends on high nutrient concentration gradients
between the depot and background soil. Suggesting that
a strong localized root growth response to a subsurface
fertilizer depot is more likely when nutrient concentra-
tion is high in the depot and/or low in bulk soil than the
other way, Sommer [11] proposed N fertilization by sub-
surface application of high and toxic concentrations of
NH,", thus creating a strong contrast to bulk soil N con-
centration. Moreover, NH,"-toxicity within such depots
inhibits microbial nitrification, resulting in more per-
sistent NH,"-induced root growth intensification. This
NH,"-based N fertilization technique has been termed
controlled long-term ammonium nutrition (CULTAN)
[11]. Use of stabilized NH," (e.g. nitrification inhibitor
(NI), 3,4-dimethylpyrazole phosphate (DMPP) [12] will
additionally inhibit nitrification around depot boarders
where NH, "-concentrations become less toxic with time.

Nevertheless, for plant species that respond to soil
nutrient patches by high turnover rates of roots within
the patch (high root birth and death rates e.g. Ambrosia
artemisiifolia), a net increase in patch root density may
not be observed [13].

Another approach to directly or indirectly improve
plant acquisition of applied or soil nutrients is to inocu-
late soil with plant growth-promoting microorganisms
(PGPMs) e.g. P-solubilizing bacteria and fungi. PGPMs
have been described to promote plant growth via one or
a combination of mechanisms. Pseudomonas sp., Bacil-
lus sp. or Xanthomonas sp. have been shown to produce
the phytohormone indole acetic acid (IAA) to promote
plant root growth and/or the enzyme ACC-deaminase
(1-aminocyclopropane-1-carboxylate deaminase), which
delays root senescence by reducing ethylene levels under
stress conditions [14—17]. These PGPMs have also been
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shown to synthesize various antifungal metabolites (e.g.
phenols and phenazines) that directly suppress root path-
ogenic fungi and also function as low-molecular weight
iron-complexing ligands (e.g. siderophore pyoverdine)
for effective competition against root pathogens for iron
and other nutrients [18, 19]. Other species of Bacillus,
Pseudomonas, Enterobacter and Trichoderma have been
shown to release protons, organic acids and chelating
metabolites (e.g. Oxalic, fumaric, citric, bL-malic, DL-
lactic and succinic acids) that enhance the solubility of
sparingly soluble phosphates and/or secrete enzymes like
phosphatases and phytases that mineralize organic phos-
phates in soil making them plant-available [20-25].

In order that applied PGPMs improve plant nutri-
ent acquisition from subsurface NH,*-based fertilizer
depots, they must be considerably tolerant to extreme
pH, high NH,* and salt concentrations found within and
around such depots. For depots with stabilized N, toler-
ance to nitrification and/or urease inhibitors is addition-
ally required for PGPM survival and root colonization
within the developing “rhizosphere hotspot”

The overall aim of this study was to employ fertilizer
placement as a tool to induce dense localized rooting
in soil (“rhizosphere hotspot”) for improved establish-
ment of selected soil-inoculated PGPMs thereby enhanc-
ing plant nutrient-acquisition and biomass production.
Rhizosphere hotspots are proposed to be areas that
favour PGPM establishment in soil due to the presence
of high concentrations of organic nutrients released as
root exudates. We made the following hypotheses: (1)
formation of rhizosphere hotspots around NH,"-depots
is inhibited by high background mineral N concentration
(N,,;,) and promoted by low bulk soil N_;,. (2) Certain
PGPMs (also referred to as microbial bio-effectors, BEs)
tolerate high concentrations of NH," (& DMPP) that are
well above the limits for NH,"-tolerant crop species like
rice (Oryza sativa L.). (3) BEs are able to solubilize dif-
ferent sparingly soluble mineral phosphates (including
recycled P fertilizers) in solid and liquid in vitro cultures.
(4) Inoculation of a P-solubilizing BE around a subsur-
face stabilized (DMPP) concentrated *N-labelled NH,™
depot improves BE establishment and increases N and P
uptake in maize (Zea mays L.).

Materials and methodology

Effect of background N,;, on NH,"-depot root growth

We cultivated spring wheat (Triticum aestivum L. var
Schirocco, KWS, 1197, 29296 Bergen, Germany) in PVC
rhizoboxes (40 x 20 x 2 cm, H x W x D). The Substrate
was composed of 80% C-horizon loess (P, 5 mg kg™
Py 332 mg kg™ pH (CaCly), 7.6; Copg < 0.3%; Ny,
1 0.02%) and 20% quartz sand (0.6-1.2 mm @) (w/w).
Basic fertilization included (kg™* dry soil DM): 150 mg P
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(Ca(H,PO,),), 200 mg K (K,SO,), 100 mg Mg (MgSO,),
20 pmol Fe-EDDHA (Sequestrene 138, 6% Fe), 2.6 g
Zn (ZnSO,); 1 mg Cu (CuSO,); 2.2 mg Mn (MnSO,),
0.54 mg Mo (Na,MoO,) and 0.86 mg B (H;BO;). Mois-
ture content was set to 26% (60-70% max. WHC).
Treatments included increasing bulk soil N, concentra-
tions: 0, 5, 20 and 60 mg N kg~! soil DM (NH,NO,). A
stabilized NH,"-depot was placed 7 cm to the side and
16 cm below two wheat seedlings in each rhizobox. The
NH," depot (1.0 g NH,~N + 0.17 g NO;-N + 0.01 g
DMPP) was made by placing 3.49 g (NH,),SO, in soil
over which 2.5 mL solution of 1.1 M NH,NO; contain-
ing DMPP(4 g L™!) was pipetted. The depot was mixed
in a small soil volume of 5 cm® (2.5 cm @ x 2 cm depth)
resulting in a high NH,—N concentration within the
depot of 78.4 mg g~! soil (bulk density, 1.3 g cm™3).
DMPP was added at the recommended rate of 1% NH,—N
(w/w) [12]. Each rhizobox contained 2.6 kg substrate.

Before transplanting, seed surfaces were disinfected by
soaking in 3% H,O, for 10 min. Afterwards seeds were
soaked for 10 h in 2.5 mM CaSO, and pre-germinated
on filter papers that were also soaked in 2.5 mM CaSO,
(48 h at 25 °C in darkness). Two healthy seedlings (dis-
tinct shoot and root length > 2 cm) were transplanted
to each rhizobox. Greenhouse conditions were as fol-
lows: day/night length: 8 h/16 h, daytime light intensity:
311 umol m~2 s™! (ALMEMO 239-3, AHLBORN), av.
daily temperature 15 °C (8-21 °C) and av. daily relative
humidity 42% (30-65%) (Voltcraft, DL-141 TH). Four
replicates were made per treatment and were arranged in
a completely randomized design. Plants were grown for
60 days (10 February—07 April 2013). Total root length
visible through the root observation window of the
rhizobox in the radial zones: 0—4, 4-8 and > 8 cm from
the NH,*-depot was measured at 12, 36 and 56 days
after planting. Using a fine black water-resistant marker,
roots were drawn on a polyethylene sheet (40 x 20 cm)
placed over the soil surface on the rhizobox window.
Drawings were scanned (Epson Expression 10000 XL)
and analysed for total root length using WinRhizo Pro V.
2009c (Regent Instruments Inc., Canada). At the end of
the growth period, root length density (cm cm™ of sub-
strate) could not be appropriately measured because, as
shown in Fig. 2, roots grew into the nylon sheet lining the
rear of the rhizobox, making it impossible to satisfacto-
rily harvest roots. After harvesting, shoot dry weight was
measured, depot and bulk soil samples were collected
and frozen for later analysis of NH,—N and NO;-N
concentrations.

PGPM tolerance to high NH,*-concentrations
The PGPMs shown in Table 1 were grown on appropri-
ate solid nutrient media with increasing concentrations
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of NH,—N. For each medium, six solutions with the
following NH," concentrations were prepared using
deionized water: 0, 2, 10, 50, 250 and 1250 mM NH,-N
((NH,),SO,). For each NH,*-level, the constituents per
liter of medium were dissolved in the corresponding
solution to a final volume of 1000 mL. The pH was then
adjusted to the desired level using 1 N NaOH or HCI
and finally, the medium was sterilized by autoclaving at
121 °C for 20 min.

The following solid media were prepared for each
NH,*-level:

(1) Nutrient agar (5.0 g peptone; 3.0 g meat extract;
15.0 g agar; pH 7); (2) King’s B medium (from ready-
made preparation [King’s B medium (Basis), Carl Roth
GmbH + Co. KGJ; 38 g medium and 10 mL glycerol
in 990 ml deionized water; pH 7); (3) DEV medium
(Deutsche Einheitsverfahren; 10.0 g peptone; 10.0 g meat
extract; 5.0 g NaCl; 18.0 g agar; pH 7.2); and (4) malt
extract peptone agar (30.0 g malt extract; 3.0 g soya pep-
tone; 15.0 g agar; pH 5.6).

At 45 °C, about 20 mL of each medium was poured
into a sterile petri dish. For bacterial PGPMs, inocula
were prepared as diluted suspensions in 2.5 mM CaSO,.
For each bacterium and NH,"-level, 100 pL inoculum
(about 50 CFUs) was pipetted onto a petri dish and
evenly spread using a Drigalski spatula. For each fungus,
a small fragment of pre-cultured mycelium was placed at
the centre of the petri dish. There were three replicates
per treatment randomly placed on the same incuba-
tor shelf (incubator: WBT, Binder, Typ 1711509900313,
Tuttlingen, Germany) and cultured at 24 £ 1 °C under
aerobic conditions in darkness. Trichoderma harzianum
strains were grown for 48 h and the remaining PGPMs
for 1 week.

An additional incubation test on normal NH,"-free
agar was performed. For this, selected BEs suspended
in high concentrations of NH,-N ((NH,),SO, = DMPP)
were pre-incubated at 25 & 2 °C for 15 min or 24 h before
inoculation on NH,"-free agar. This modification was
meant to simulate addition of BEs directly into a con-
centrated NH,"-fertilizer solution ((NH,),SO, + DMPP)
before placement in soil. The aim was to investigate BE
viability directly after exposure to high NH,—N £+ DMPP
levels. Pseudomonas sp. DSMZ 13134, Bacillus
amyloliquefaciens FZB42 and Trichoderma harzianum
T-22 were tested. After pre-incubation for 15 min, 100 uL
of each bacterial inoculum suspension in 0, 0.1, 1 or 3 M
(NH,),SO, = DMPP (about 50 CFUs) was inoculated
on culture media and incubated at 25 £ 2 °C for 48 h.
in darkness under aerobic conditions. For T. harzianum
T-22, 100 pL 0, 0.1, 1 or 3 M (NH,),SO, £ DMPP was
pipetted on a fragment of pre-cultured mycelium and
after 15 min, the mycelium fragment was placed on
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Table 1 List of PGPMs
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Nr. Active microorganism Product name Supplier Recommended solid nutrient media
1 Bacillus atrophaeus - ABITEP GmbH, Berlin, Germany Nutrient agar (NA)
2 Bacillus simplex R41 - ABITEP GmbH, Berlin, Germany NA
3 Bacillus spec. - ABITEP GmbH, Berlin, Germany NA
4 Penicillium sp. PK 112 Biological Fertilizer DC  Bayer Crop Science, Germany Malt extract peptone agar (MEP)
5 Bacillus amyloliquefaciens FZB42 RhizoVital® 42 ABITEP GmbH, Berlin, Germany Deutsche Einheitsverfahren Agar (DEV)
and NA
6 Pseudomonas sp. DSMZ 13134 Proradix® WP Sourcon Padena, Tibingen, Germany  King's B medium (KM)
7 Trichoderma harzianum OmGO08 - Hochschule Anhalt, Bernburg, Ger- MEP
many
8 Trichoderma harzianum Trichoderma-WG Bayer Crop Science, Germany MEP
9 Trichoderma harzianum T50 Vitalin T50 Vitalin Pflanzengesundheit GmbH, MEP
Ober-Ramstadt, Germany
10  Trichoderma harzianum T-22 (only in Trianum-P Koppert Biological Systems B.V,, The MEP

tests = nitrification inhibitor DMPP)

Netherlands

NH,"-free agar. This procedure was adopted for T. har-
zianum T-22 because the effect of (NH,),SO, = DMPP
on its survival and growth could be best quantitatively
analysed by measuring the diameter of intact pieces of
growing mycelium. There were four randomly placed
replicates per treatment. For 24 h BE pre-incubation,
only 1 or 3 M (NH,),SO, &+ DMPP solutions were used
because marked NH, -tolerance was observed at 15 min.
pre-incubation. There were only three replicates per
treatment to reduce bulk and facilitate management of
the experiments. For 24 h. pre-incubation, T. harzianum
T-22 spores were used as inoculum instead of a fragment
of pre-cultured mycelium to be more relevant to field
application. Therefore, only the presence or absence of a
growing T. harzianum T-22 mycelium could be recorded.
Growth could not be quantified because of the absence
of a distinct circular mycelium to measure the diameter.
For bacteria, colony characteristics were recorded and for
Pseudomonas sp. DSMZ 13134, colonies were observed
under UV light for typical yellow-green fluorescence.

Solubilization of inorganic phosphates by PGPMs

Solid media culture

To investigate the ability of selected PGPMs to solubi-
lize insoluble inorganic phosphates, Deubel-Murom-
cev solid agar containing a suspended precipitate of
tri-calcium phosphate (Cay(PO,),) (Ca-P) was pre-
pared [26, 27]. 0.2 g K,SO,, 0.4 g MgSO,-7H,0, 20 g
Purified agar (Oxoid, No. LP 0028) were dissolved to
a total volume of 1000 mL using deionized water. The
pH of the solution was adjusted to 6.9 using 1 N NaOH
or HCI and then it was autoclaved (121 °C, 20 min).
After cooling the solution to 60 °C, 10 g D (+) Glucose
monohydrate (6887.1, Roth, Karlsruhe, Germany) dis-
solved in 110 mL deionized water and 1 g L-asparagine

monohydrate (11160, Fluka, Buchs, Germany) dis-
solved in 50 ml deionized water were added (Solution
A). To precipitate non-soluble Ca-P in the medium,
2.2 g CaCl,-2H,0 (2461.1000 Chem Solute Th.Geyer,
Renningen, Germany) dissolved in 20 mL deion-
ized water and 3.8 g Na,PO,-12H,0 (6578, E. Merck,
Darmstadt, Germany) also dissolved in 20 ml deion-
ized water, each autoclaved (121 °C, 20 min) and cooled
down to 60 °C. CaCl, and NasPO, solutions were
simultaneously added to solution A under continuous
stirring resulting in immediate clouding of the medium
through the formation of Ca-P (Ca4(PO,),) (Eq. 1):

3CaCl, - 2H50 + 2NazPOy - 12H,0
— Caz(PO4), + 6NaCl 4 30H,O. (1)

Between 40 and 45 °C, the medium was poured into petri
dishes. After solidification and cooling of the agar, sus-
pensions of PGPMs in 2.5 mM CaSO, (1 x 10* CFU or
spores mL 1) were inoculated and plates were incubated
at 25 °C. PGPMs included (1) Penicillium sp. PK 112, (2)
Pseudomonas sp. DSMZ 13134, (3) Vitalin SP11 [com-
bined product: Bacillus subtilis, Pseudomonas sp., Strep-
tomyces spp., natural humic acids and seaweed extract
(Ascophyllum nodosum)] (Vitalin Pflanzengesundheit
GmbH, Ober-Ramstadt, Germany), (4), Paenibacillus
mucilaginosus (ABITEP GmbH, Berlin, Germany), (5)
Bacillus amyloliquefaciens FZB 42, (6) Trichoderman
harzianum T-22.

Additionally, two other media were prepared in which
instead of precipitating Ca—P, at 60 °C under continuous
stirring, finely ground (< 1 mm @) rock phosphate (RP,
7.6% P) or sewage sludge ash (SA, 10.3% P) was added at
the rate of 0.3 g P L. RP was chosen because it is an
important low-cost sparingly soluble inorganic P ferti-
lizer (the only mineral P fertilizer allowed in certified EU
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organic farming) and SA was selected as a low-cost spar-
ingly soluble recycled P fertilizer produced from sew-
age treatment. Only Pseudomonas sp. DSMZ 13134 was
inoculated on RP and SA solid media because it was one
of the best Ca—P solubilizing candidates.

After two days, all petri dishes were observed for
clarification of Ca—P, RP or SA along streaks of growing
PGPM and scanned on a dark background.

Liquid media culture

Treatments Based on Deubel-Muromcev solid agar, liq-
uid media with Ca—P was prepared by simply omitting
addition of agar to solidify the media. Two other liquid
media were prepared in which Ca-P was replaced by
either rock phosphate (RP, 7.6%) or sewage sludge ash
(SA, 10.3%). For each of these media Ca—P, RP or SA was
the only source of P present. The liquid culture conditions,
sample collection and preparation, and analysis were
based on methods described by [28]. Treatments included
factorial combinations of three levels of sparingly soluble
P fertilizers (Ca—P, RP or SA) and four PGPM levels as
microbial bio-effector (No bio-effector (No BE), Pseu-
domonas sp. DSMZ 13134 (Pro); Bacillus amyloliquefa-
ciens FZB42 (Rhiz); and Trichoderma harzianum T-22
(T-22). There were four replicates per treatment.

Preparation of solutions Using sterile deionized water
(autoclaved 121 °C, 20 min), 0.2 g K,SO, and 04 g
MgSO,-7H,O were dissolved to 1000 mL and pH was
adjusted 6.9 (Basal solution); 45.45 g D-glucose was dis-
solved to 500 mL (glucose); 4 g of L-asparagine was dis-
solved to 200 mL (L-asparagine); 5.5 g CaCl,-2 H,O was
dissolved to 50 mL (CaCl,); 9.5 g Na;PO,-12H,0 was
dissolved to 50 mL (Na;PO,). 60 mL of Basal solution
was transferred into 100-mL Erlenmeyer flasks, auto-
claved and then allowed to cool down in a water bath to
80-90 °C. Glucose and L-asparagine were each heated up
to 70 °C in a water bath for 30 min. CaCl, and Na;PO,
were each autoclaved and allowed to cool down to room
temperature.

Preparation liquid media Each P form (Ca-P, RP and
SA) was applied separately at the level of each experimen-
tal unit (100-mL Schott Duran incubation flask) ensuring
0.018 g P flask™! because it was impossible to pour out
60 mL portions with the appropriate quantity of P from
one stock suspension with sedimenting RP or SA into
each 100-mL flask. 1.2 mL CaCl, and 1.2 mL NazPO,
were added to 60 ml Basal solution in each flask under
continuous stirring to evenly disperse the Ca—P precipi-
tate formed. The total concentration of P was 0.3 g L™
and NaCl was 1.75 g L™1. 0.237 g RP or 0.174 g SA, each
equivalent to 0.018 g P, was weighed with a semi/micro
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analytical balance (Mettler AT261 DeltaRange, Mettler-
Toledo GmbH, Giessen, Germany) and added under con-
tinuous stirring to 60 mL Basal solution. The RP and SA
used had the following chemical composition: RP, Py,
7.6%; Pcitric acid 0-8%; Pranicos 1.7%; Al 1.4%; Ca 22.5%; Fe
5.1%; Si 7.7%; SA, Py 10.34%; Piric acia 4-49%; Al 9.9%;
Ca 8.6%; Fe 4.2%; Cd 4.2; Cr 90.8; Cu 814; Ni 78.5; Pb 224;
V 59.1; Zn 4004 ppm). Total P concentration was also
0.3 g P L% 0.105 g of NaCl was added to each RP or SA
flask to maintain the same NaCl concentration in Ca—P
flasks (1.75 g L™'). In each Ca—P, RP or SA flask, 6.6 mL
glucose and 3 mL r-asparagine was added and swelled to
mix.

Inoculation and incubation Using sterile 2.5 mM
CaSO,, without PGPM (Control) or with the PGPMs:
Pseudomonas sp. DSMZ 13134, 6.6 x 10'° CFUs g™!
(Pro), Bacillus amyloliquefaciens FZB42, 2.5 x 10"
Spores mL™! (Rhiz) and Trichoderma harzianum T-22,
1 x 10° Spores g~! (T-22) were each sequentially diluted
to produce a suspension of 1 x 10* CFU or spores mL™L,
For the non-inoculated control, 2 mL of sterile 2.5 mM
CaSO, solution was added to each flask. For each PGPM
treatment, 2 mL inoculum suspension was added. All
flasks were randomly placed on two shelves in an incuba-
tor (GFL Typ 3032, Gesellschaft fiir Labortechnik mbH,
Burgwedel, Germany) in darkness at 30 °C. To prevent
sedimentation of Ca—P, RP or SA, flasks were continu-
ously swelled horizontally at 125 rpm.

Measurements After 65 h of incubation, 10 mL sample
of medium was collected from each flask into a sterile
50-mL falcon tube after solids could settle. Tubes were
centrifuged at 5000xg for 15 min and supernatants were
carefully poured into 30-mL polyethylene bottles and
stored frozen (— 18 °C). For further analysis, samples
were defrosted at room temperature, pH was measured
(pH/Conductivity Meter, MPC227, Metler Toledo) and
they were filtered through P-free blue-band filter papers
(MN 640 d) for later analysis of total P concentration by
inductively coupled plasma optical emission spectrom-
etry (ICP-OES) (Core Facility Hohenheim, University of
Hohenheim).

Acid and alkaline phosphatase activity in the samples
was also measured. Phosphatase activity gave an indica-
tion of the rate of mineralization or turnover of phos-
phates that have been assimilated already into organic
matter. Phosphatase measurement had no relevance
to initial solubilization of inorganic phosphates. Based
on a modified p-nitrophenyl phosphate method ([29],
phosphatase activity was measured by dephosphoryla-
tion of 0.1 mL of 150 mM p-nitrophenyl phosphate in
1.5-mL Eppendorf tube, which contained 0.4 mL buffer
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(200 mM Na-acetate buffer, pH 5.2 for acid phosphatase
or 200 mM Na-borate buffer, pH 8.2 for alkaline phos-
phatase), 0.4 mL deionized water and 0.1 mL liquid cul-
ture supernatant. The mixture was incubated at 30 °C
under continuous shaking. For acid phosphatase activity,
incubation was stopped after 30 min, whereas for alka-
line phosphatase activity, it was stopped after 45 min to
ensure a detectable coloration. To stop enzyme activ-
ity, 0.5 mL of 0.5 M NaOH was added immediately after
incubation. For controls or blanks, a second set of tubes
containing liquid media sample and buffer was incu-
bated as described above. After incubation, NaOH was
added followed by p-nitrophenyl phosphate. Both sets
of samples and blanks were centrifuged (14,000 rpm for
5 min). About 800 uL supernatant was pipetted into a
1 mL disposable micro cuvette and measured for absorb-
ance of yellow coloration at 405 nm usingp-nitrophenol
(p-NP) standards containing volumes of p-NP stock
(20 pg mL™1), 500 pl 0.5 M NaOH and volumes of deion-
ized water to top up to 1.5 mL. p-NP standards included:
0,2,4,8,12, 16 and 20 pg p-NP mL ™.

Establishment of Pseudomonas sp. DSMZ13134
rhizosphere hotspots

The methodology for this experiment has been fully
described in Nkebiwe et al. [30]. Using a substrate com-
posed of 80% loess [(Pcy;, 5 mg kg™ Py, 332 mg kg™
pH (CaCl,), 7.6; CaCO;, 23.3%; Cyypr < 0.3%; Ny 0.02%)]
and 20% sand filled in rhizoboxes as described in “Effect
of background N_, on NH,"-depot root growth” sec-
tion, maize (Zea mays L. var Colisee) was grown to inves-
tigate the establishment of Pseudomonas sp. DSMZ13134
in rhizosphere hotspots around stabilized NH,*-depots.
The substrate was optimally supplied (kg~! soil DM) with
150 mg P (Ca(H,PO,),), 150 mg K (K,SO,); 50 mg Mg
(MgSO,); 20 umol Fe, (Sequestrene 138, 6% Fe); 2.6 mg
Zn (ZnSO,) and 1 mg Cu, (CuSO4). Moisture content
was 18%. 2400 g of substrate was filled into each rizobox
(Hx W x D:40 x 20 x 2 cm).

Treatments included two factorial combinations of
two N-fertilizer levels and two BE levels. N levels were
100 mg NO,—N kg ™! soil as CaNO; homogenously mixed
in the substrate (NO; -mixed) and 100 mg NH,—N as
concentrated °N labelled stabilized (NH,),SO, + DMPP
(64 mg N mL™") placed as a depot 5 x 5 cm to the maize
seed (NH,"-depot). BE levels were non-inoculated con-
trol (NoBE) and Pseudomonas sp. DSMZ13134 (Pro)
inoculated twice by placement at 0 and 23 DAS each
at the rate 1 x 10° CFUs kg™! soil in the area 2.5 cm
around the NH,"-depot or corresponding location for
NO, -mixed treatments. The '°N-labelled (NH,),SO,
fertilizer solution was enriched using >’N-(NH,),SO, to
10 atom%.
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Concentration and contents of shoot N and P, shoot
DM, rhizosphere pH, root length density and root
colonization of Pseudomonas sp. DSMZ13134 in the
NH,*-depot or corresponding location for NO;~-Mixed
treatments as described already [30]. °N signal of dried
shoot biomass was measure by isotope ratio mass spec-
trometry (IRMS). During grinding of dried maize shoot
samples, some contamination of non-labelled sam-
ples with °N-labelled ones occurred. Nevertheless, this
did not prove to be problematic due the big differences
in '°N signal between labelled and non-labelled plants
because of the very high labeling rate of the placed
(NH,),SO, + DMPP fertilizer with '°N.

Results

Effect of background N,,;, on NH,*-depot root growth

At 12 days after planting (DAP), no root growth towards
the NH, "-depot was observed. At 36 DAP, root length (or
length per unit surface area) 4 cm around the depot was
low, without differences across treatments (Fig. 1a). At
4-8 cm around the depot, root length was lower in soil
with no background N fertilization (0 mg N kg™') than in
those with 5, 20 and 60 mg N kg™'. At > 8 cm around the
depot, it increased with increasing background N from 0,
5 to 20 mg N kg~! and then decreased at 60 mg N kg™,
At 56 DAP in the zone > 8 cm around the depot, the same
trend could be observed (Fig. 1b). Furthermore, there
were no differences in root growth 0—4 cm and 4-8 cm
around the depot across treatments at 56 DAP (Figs. 1b,
2). Nevertheless, the trend of increasing root growth
in 0-4 or 4-8 cm zones with increasing N, from
0-20 mg N kg™ ! followed by a decrease at 60 mg N kg~
could be observed. However, after washing away soil
from the rhizoboxes, intense rooting induced by the
NH,"-depot in soil areas with less toxic NH," concentra-
tions could be observed across all background N,,;, levels
(Fig. 2).

As expected, residual NO5;—N in the bulk soil increased
with increasing background N fertilization from 0 to
60 mg N kg~!, whereas residual NH,—N was low and sim-
ilar across treatments (Fig. 3a). Within the NH,"-depot,
NO;-N levels were low, whereas NH,—N levels where
high, with no differences across treatments (Fig. 3b).
Shoot dry matter per rhizobox at background N fertili-
zation of 20 mg N kg™ (3.7 g) was higher than those of
0 mg N kg! (2.9 g) and 5 mg N kg! (2.6 g) but not dif-
ferent from that of 60 mg N kg™ (3.4 g) (n = 4, tukey
test, P < 0.05).

in

PGPM tolerance to high N concentrations

For all strains of Trichoderman harzianum, mycelia
diameter showed a tendency to increase with increasing
NH,—N concentrations from 0 to 10 mM, followed by a



Nkebiwe et al. Chem. Biol. Technol. Agric. (2017) 4:29 Page 7 of 16

a b
=== > 8 cm (454 cm?) == > 8 Cm (454 cm?) a
800 {|c—=4-8cm 214cm) 800 {|==4-8cm1acm)
—_ mmm 0 - 4 cm (133 cm?) —_ == 0-4cm (133 cm?)
& £
~ 600 - £ 600 -
£ a s
o a o
§ 400 - _ 8 400
3 3
¥ 200 - X 200
0 - 0!
0 5 20 60 § 0 5 20 60
Background N concentration (mg N kg™) Background N concentration (mg N kg™)

Fig. 1 Root length around the NH,*-depot at 36 (a) and 56 (b) days after planting. Different letters show significant difference between treat-
ments (P < 0.05) (mean = SEM, n = 4, One Way ANOVA, Tukey test, a = 0.05). Bold letters: total root length; small letters: root length within radial
zones around the depot only if differences were significant. Brown, yellow and green sections of bars represent root growth at radial zones 0-4 cm,
4-8 cm and > 8 cm from the depot, respectively. Numbers within bars represent root length per unit surface area on the rhizobox window
(cmcm™)

% Concentrated NH,*-depot

Fig. 2 Root growth inhibition within the toxic NH,"-depot and intensification in the outer zones with less-toxic NH,* levels (56 DAP)

slight decrease at 50 mM. Mycelium diameter at 50 mM After 1 week, there was some growth at 1250 mM
NH,—N was higher than the one at 250 mM, which again NH,-N for all T. harzianum strains meanwhile the
was higher than the one at 1250 mM (Fig. 4). typical green centric ring indicating conidia formation
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Fig. 3 Residual N, in the bulk soil (@) and in the NH,T-depot (b) at 56 DAP. Different letters show significant difference between treatments, if
differences were significant (P < 0.05) (mean =% SEM, n = 4, One-Way ANOVA, Tukey test, a = 0.05). Data for bulk soil NH, "N and total N, were
transformed by square roots. Block letters: difference in total N,;, concentrations; small letters: difference in NH, TN concentrations. Yellow and
green section of bars represent NH, =N and NO;™-N concentrations, respectively
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Fig. 4 Effect of NH,* on growth of Trichoderma harzianum T-50
mycelium (@) and mycelium diameter (b) on malt extract peptone
agar after 48 h. Different letters show significant difference between

a=10.05)

treatments (P < 0.05) (mean = SE, n = 3, One-Way ANOVA, Tukey test,

at maturity [31] could be seen only in petri dishes with
NH,-N levels from 0 to 250 mM NH,-N. Therefore,
whereas 250 mM NH,—N depressed vegetative growth
only, the toxicity of 1250 mM inhibited both vegetative
and generative growth.

Penicillium sp. PK 112 grew slower than Trichoderma.
After 1 week the mycelium diameter of Penicillium sp.
PK 112 at 10 and 50 mM NH,—N were higher than those
at 0 and 2 mM NH,-N. It increased from 2.53 c¢cm at
0 mM NH,—-N to 2.93 cm at 50 mM NH,—N (P < 0.05),
after which it showed a tendency to decrease to 2.87 cm
at 250 mM NH,—-N (no significant difference). Atypical
and limited growth was observed at 1250 mM NH,—N.

For bacterial PGPMs, considerable growth could be
observed at high NH,—N levels after 1 week. For Pseu-
domonas sp. DSMZ 13134 colonies were circular, yel-
low, smooth, glistening, entire and convex. The typical
yellow pigment which was spread outwards from each
colony was intense and distinct only in agar containing
0-250 mM NH,—N. Colonies also showed typical yellow-
green fluorescence under UV light. On DEV medium,
Bacillus amyloliquefaciens FZB42 formed distinct punc-
tiform colonies with typical spreading bio-films, which
were less spread at 250 and 1250 mM NH,-N (Fig. 5).
There were more B. amyloliquefaciens FZB42 colonies
at 250 mM NH,—N (97) than at 0 mM (59) (P = 0.017).
On nutrient agar, colonies of B. amyloliquefaciens FZB42,
B. atrophaeus, B. simplex R41 and Bacillus spec. were
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Fig. 5 Bacillus amyloliquefaciens FZB42 grown on DEV medium.
Different letters show significant difference between treatments
(P <0.05) (mean = SE, n = 3, One-way ANOVA, Tukey test, a = 0.05)

less distinct and bio-films were also observed across all
NH,—N concentrations.

For T. harzianum T-22 after 15-min pre-incubation of
mycelium fragment in NH,* & DMPP, NH,~N concen-
tration (P = 0.007) and presence of DMPP (P = 0.015)
affected mycelium diameter without any interaction
between factors (P = 0.575). Irrespective of the pres-
ence of DMPP, mycelium diameter at 3 M NH,—N
(4.95 cm) was less than the one at 0 M NH,—N (5.54 cm)
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(P = 0.005); and irrespective of NH,—N level, mycelium
diameter with DMPP (5.16 cm) was less than the one
without (5.44 cm) (P = 0.015) (Fig. 6). After 15-min pre-
incubation in 0 and 0.1 M NH,-N, Pseudomonas sp.
DSMZ 13134 and B. amyloliquefaciens FZB42 showed
growth activity without any observable effect of DMPP.
At 1 and 3 M NH,-N, growth of both Pseudomonas
sp. DSMZ 13134 and B. amyloliquefaciens FZB42 was
suppressed (more for Pseudomonas sp. DSMZ 13134)
and normal morphological colony characteristics were
absent. Nevertheless, typical fluorescence under UV light
was observed for Pseudomonas sp. DSMZ 13134 as well
as typical bio-film formation for B. amyloliquefaciens
FZB42 was observed.

After 24-h pre-incubation of PGPM in 1 or 3 M-NH,—
N solution with or without DMPP, growth of T. harzi-
anum T-22, Pseudomonas sp. DSMZ 13134 or Bacillus
amyloliquefaciens FZB42 were strongly suppressed.

Solubilization of inorganic phosphates by PGPMs

All tested PGPMs except T. harzianum T-22 were able
to solubilize Ca-P by clarifying the agar along PGPM
streaks (Fig. 7a—f). No visible changes could be observed
along streaks of Pseudomonas sp. DSMZ 13134 on RP
or SA agar (Fig. 7i). Sedimentation of RP or SA at the
bottom of the petri dishes (Fig. 7g, h), suggested lack of
contact between growing Pseudomonas on the agar sur-
face and RP or SA at the bottom. This implied that liquid
media cultures were more appropriate to test the ability
of PGPMs to solubilize RP and SA.

a b
7
B -DMPP _+DMPP
E 6 1 a ab ab
S o
S - T
g O - T
k]
€ 44
)
T 34
£
= 21
[}
S
s 17
0- . : : .
00 01 10 30|00 01 10 3.0
Molarity of NH4*-N in inoculum
Fig. 6 Mycelium diameter of Trichoderma harzianum T-22 affected by 15-min pre-incubation in NH,~N solution with DMPP (a) or without (b) or with-
out. Block letters: difference between variants with DMPP and those without (significant effect of DMPP P = 0.015); Significant effect of NH,* molarity
(P =0.007); small letters: tendency of difference between treatments (P = 0.055) (mean =+ SE, n = 4, One* and Two-way ANOVA, Tukey test, a = 0.05)
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Fig. 7 PGPMs solubilize/clarify cloudy Ca—P precipitate but not rock phosphate (RP) or sewage sludge ash (SA). Cloudy Ca-P precipitate (Cas(PO,),)
solubilized and clarified by Penicillium sp. PK 112 (a), Pseudomonas sp. DSMZ 13134 (b), Vitalin SP11 [combined product: Bacillus subtilis, Pseu-
domonas sp., Streptomyces spp., natural humic acids and seaweed extract (Ascophyllum nodosum)] (c), Paenibacillus mucilaginosus (d), Bacillus
amyloliquefaciens FZB 42 (e). But it was not solubilized by Trichoderma harzianum T-22 (f). Growth of Pseudomonas sp. did not lead to any visual
changes with RP (g) or SA (h). A piece of agar inverted to show SA sediment (i)

The pH of the media after 65 h varied among and
within treatments. In comparison to the starting pH,
there was a reduction in the pH of the nutrient medium
in the following treatments: Ca—P/Pro, RP, RP/Pro, RP/
Rhiz, SA, SA/Pro, SA/Rhiz and SA/T-22 (Fig. 8a). The
concentration of P in liquid media (P, ) was decreas-
ing in the following order: Ca—P/Pro, RP/Pro, RP/Rhiz,
RP/T-22 and RP. Very low P_ . were measured in the
other treatments (Fig. 8b). For all treatments, pH showed
a significant negative correlation with P, . (P = 0.002;
r=—047).

Increase in microbial biomass could be observed by
the cloudy or murky appearance of the media for Pro
and Rhiz variants and a thick mesh of mycelium for T-22
variants.

There was also much variability in acid and alkaline
phosphatase activity (P,,.) among and within treatments
(Fig. 8¢, d). pH or P, did not correlate with acid or

alkaline phosphatase activity.

onc.

Establishment of Pseudomonas sp. DSMZ13134
rhizosphere hotspots
Placement of *N-labelled stabilized (NH,),SO, + DMPP
had an effect on root length density (RLD), and rhizos-
phere pH 5 x 5 cm to seeds, shoot °N signal and shoot N
and P concentrations and contents at 55DAS. Inoculation
of Pseudomonas sp. DSMZ13134 had an effect on shoot
15N signal and shoot N concentrations (Table 2) at 55DAS.
A higher number of CFUs of fluorescent Pseudomonads
could be recovered from root rhizoplane per unit soil vol-
ume within the zone 5 x 5 cm to seed (8 cm radius) in the
NH,"-Depot treatment (13.01 Log;, CFUs cm > soil) than
in the corresponding zone in NO; ™ -mixed treatment (12.38
Log,, CFUs cm ™2 soil) (£ test o = 0.05, P = 0.045) [30].

Discussion

Root growth in the centre NH,"-depot was strongly
inhibited because of the presence of highly phytotoxic
concentrations of NH, ", as confirmed by N,;,, analysis of
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Fig. 8 Change in pH (a), total P concentration (b), acid- (c) and alkaline phosphatase activity (d) in the liquid fraction of media 65 h after onset of
incubation. Ca-P, Ca;(PO,); RP, rock phosphate; SA, sewage sludge ash; Pro, Pseudomonas sp. DSMZ 13134; Rhiz, Bacillus amyloliquefaciens FZB42;
T-22, Trichoderma harzianum T-22. pH was inversely correlated to total P concentration (P = 0.002; r = — 0.47)
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depot soil samples. During the growth period, root length
increased in all radial zones around the NH,"-depot.
During early growth stages, root length in all zones
towards the depot increased with increasing background
N, from 0 to 20 mg N kg~* only. This was likely due to
low background N,,;, levels during early growth stages,
N supply to shallow root systems was inadequate for
optimal root growth towards the depot. Localized root
growth around the depot increased at later growth
stages when the expanding N-rich boarder areas of the
NH,"-depot became accessible to plants roots. This sug-
gests that to optimally supply plants with N especially
during early growth stages, it is effective to place starter
N fertilizer close to seeds (about 5 cm below) to ensure
rapid roots access [4]. However, in case of considerable
nutrient mobility from depot to seeds, it is advisable to
place starter N farther from seeds to avoid harmful
osmotic effects and ion toxicity [32]. At 56 DAP, differ-
ences in root length occurred only in the zone > 8 cm,
in which root growth was also most intense. Increasing
root length in all radial zones around the depot with time

and with increasing background N ;, from 0 to 20 mg N
kg~! suggests that moderate N availability in the bulk soil
favoured initial root growth and subsequent root growth
intensification around the NH,*-depot. Given very high
NH,—N levels in the depot, the high background N level
of 60 mg N kg~ may have led to N toxicity effects result-
ing in reduced overall root and shoot growth.

Although background N fertilization was with an
NH,—N share of 50%, only traces of NH,—N could be
measured in the bulk soil after 56 days. This showed
that rapid nitrification of NH,—N applied in the bulk soil
occurred, resulting in residual N ;, with an NH,—N share
of only 2.4% (60 mg N kg™?) to 11.9% (5 mg N kg~!). This
can be partially explained by the absence of a nitrification
inhibitor (NI) in the NH,NO; used for bulk soil N fertili-
zation. However, in soil without background N fertiliza-
tion (0 mg N kg™!), low N_;. levels (2.8 mg NO,—N kg
and 0.87 mg NH,—N kg™!) could be measured in the bulk
soil with a low NH,—N share of 23.7%, suggesting diffu-
sion of N from the depot into the bulk soil as NH," as
well as NO,™ after nitrification. In the treatments 5, 10,
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Table 2 Effect of N-fertilizer/application method and PGPM on root growth and rhizosphere pH, shoot nutrient content

and dry matter (55 days after sowing)

Source of vari- RLD5 x 5cm Rhizosphere 815N (o/ Nconc. (% DM) N content Peonc. (Mg P P content Shoot DM (g
ation to seed pH5 x5cm  00)">N/"N (mgN g~ ' DM) (mgP plant™"
(8 cmradius) to seed (8 cm plant™) plant™)
(cm ecm™3) radius)
LS means N*BE

N0, - 6.4 562 170 183 114.0 218 137 6.35
mixed*NoBE

N0, - 6.2 5.89 148 2.22 130.1 232 136 591
mixed*Pro

>N H4+f 10.5 441 25,260 247 137.1 293 16.2 5.60
depot*NoBE

]5NH4+7 9.9 455 21,257 2.66 1339 3.15 15.9 5.09
depot*Pro

Standard error ~ 0.68 0.13 831 0.13 4.69 0.146 0.62 0420

Two-Way ANOVA

N < 0.007*** < 0.007%** < 0.007%** 0.002 ** 0.014* <0.007%** 0.002** NS

NO,~ 6.3 575 159 203b 1220b 252b 136b 6.13

NH,* 10.2 448 23,259 257 a 1355a 3.04a 16.0a 535

BE NS NS 0.036 0.051 NS NS NS NS

NoBE 84 5.01 12,715 215 125.7 256 15.0 597

Pro 8.0 522 10,702 244 1320 273 14.7 550

N*BE NS NS NS NS NS NS NS

P values are in italics; NS no significant difference, P > 0.1; P < 0.1 is italic; *P < 0.5; **P < 0.01; ***P < 0.001; Means not sharing the same letters are significantly different
from each other, Tukey test a = 0.05; Factors and interaction is italic; 14NO{—mixed, non-isotopically labelled Ca(NO;), homogenously mixed in substrate; 15NH4+»
depot, "*N-labelled stabilized (NH,),SO, +DMPP placed in substrate as a depot; BE, bio-effector; NoBE, no bio-effector; Pro, Pseudomonas sp. DSMZ 13134. ANOVA on
815N (o/00) "*N/™N was performed on square root transformed data. RLD, root length density

20 and 60 mg N kg™?, bulk soil NH,~N concentrations
were similar to the one in the treatment without back-
ground N fertilization (0 mg N kg™!) after the growth
period. This confirmed that bulk soil NH," at the end
of the growth period partially originated from the stabi-
lized NH,"-depot directly by diffusion. Given the small
substrate volume of the depot, the low clay and organic
matter content of the loess-dominated substrate, the high
substrate moisture content and high quantity of NH,*
that was placed, NH,* probably diffused out of the ini-
tial depot boarders after sites for NH, -fixation were
exhausted. This is supported by the zones around the
initial depot boarders with little or no root growth likely
due to the presence of phytotoxic NH,* levels. This is
further proven by the strong decrease in the NH,—N con-
centration within the depot from the estimated rate of
78.4 mg g ! soil [estimated placement rate 1 g NH, N
to 5 cm? depot soil volume (2.5 cm @ x 2 cm depth, bulk
density, 1.3 g cm™>)] at the start of the experiment to the
measured concentration of 0.18 mg NH,~N g~ after
56 days.

Despite considerable diffusion of NH," from the
depot into the bulk soil during the experiment, low
residual NH," concentrations measured in the bulk
soil after 56 days may be explained by nitrification after

diffusion of NH," out of the phytotoxic zones sur-
rounding the depot resulting. With NO;™-formation,
the N-diffusion rate is expected to be more rapid that
with NH," [4, 6]. High residual NH,"* concentra-
tions in the depot (0.18 mg NH,~N g') at the end of
the growth period showed that high concentrations of
(NH,),SO, + DMPP in a subsoil depot inhibits bio-
logical nitrification of the placed NH," by both toxicity
effects of high NH," concentrations and the presence
of DMPP [11, 12, 33]. This enabled placed N to per-
sist in the depot zone as root growth stimulating and
root-attracting NH, . Therefore, intense localized root
growth could be observed around a subsurface fertilizer
depot based on high concentrations of NH," stabilized
with DMPP, which led to higher N and P concentrations
and contents in maize shoots (Zea mays L.) in com-
parison to variants with homogenously incorporated
NO,™ -fertilizer [30].

This study also showed that soil zones around
NH,*-depots with high root densities may be sites
for effective root colonization by inoculated PGPMs.
Nevertheless, in addition to cultures on selective
media, molecular tracing techniques like qPCR [34]
as already shown for Pseudomonas sp. DSMZ 13134
would provide more precision in tracing. In densely
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rooted soil, the establishment of PGPMs may have
been promoted by high levels of root exudates that
boost growth and activity of rhizosphere dwelling
microorganisms [15, 35-37].

All tested fungal and bacterial PGPMs showed normal
or improved growth activity on solid nutrient agar con-
taining as high as 50 mM NH,—N and slightly inhibited
growth at 250 mM H,-N except for B. amyloliquefa-
ciens FZB42 and Penicillium sp. PK 112. In contrast to
plant and animal cells, bacteria preferentially use NH,"
as a source of N and can be tolerant even to molar con-
centrations of NH,—N, at which point growth limiting
effects may be related more to osmotic or ionic imbal-
ances than to direct toxic effects of NH," ions per se
[38]. The threshold concentration range of 50-250 mM
NH,—N at which cultured PGPMs showed that inhibited
growth is above the range for NH," toxicity in sensitive
crop species like barley (Hordeum vulgare 1.) and toler-
ant ones like rice (Oryza sativa L.) grown hydroponically
[39-41]. The NH," tolerance threshold for our tested
PGPMs (50-250 mM NH,-N) is also above the range
of 2-20 mM that can be common in soil solution of
most agricultural soils [42]. The range is also above the
NH,—N concentrations that can be measured in soil solu-
tion a few centimeters from a subsurface NH, " -fertilizer
band (extracted by centrifuging soil samples collected a
few centimeters from a subsurface NH,*-fertilizer band
(< 0.001-37 mM NH,-N and 0.4-91 mM NH,-N from
a distance 4-2 cm to a fertilizer band of (NH,),S0,) and
di-ammonium phosphate, respectively, after 5 days of
contact of bands with soil, for tests on five different soil
types) [43, 44].

Furthermore, all tested PGPMs showed limited growth
activity at the very high NH,—N level of 1250 mM,
which could be explained by osmotic and ionic imbal-
ances as proposed earlier. After 15-min pre-incubation
of inoculum suspended in 0-3 M NH,-N, growth of T.
harzianum T-22 was slightly inhibited in the presence
of DMPP meanwhile for Pseudomonas sp. DSMZ 13134
and B. amyloliquefaciens FZB42 after pre-incubation
in 0-0.1 M NH,-N, growth activity was not affected
by DMPP. After 24-h pre-incubation in 1-3 M NH,-N
solution with or without DMPP, normal growth activity
of PGPMs on solid media could no longer be achieved.
This suggests that PGPMs may not be applied directly
into a concentrated NH,*-fertilizer solution (> 50 mM
NH,-N). Alternatively, PGPMs should be inoculated in
soil zones with lower NH,—N levels in the border regions
of a concentrated toxic ammonium [30] or directly into
the NH,"-fertilizer solution if it is less concentrated.

The classical test for P solubilization on solid Ca-P
media confirmed that all the tested PGPMs except
Trichoderman harzianum T-22 were capable to solubilize
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inorganic P. On solid media culture, Pseudomonas sp.
DSMZ 13134 effectively solubilized Ca—P, whereas it led
to no observable changes after growth on agar with rock
phosphate (RP) or sewage sludge ash (SA). However, in
liquid media cultures, Pseudomonas sp. DSMZ 13134,
Bacillus amyloliquefaciens FZB42 and Trichoderma har-
zianum T-22 solubilized RP more than SA. Best perform-
ing PGPMs were Pseudomonas sp. DSMZ 13134 and B.
amyloliquefaciens FZB42. Increase in microbial biomass,
especially for T. harzianum T-22, suggested that the P
concentrations measured in cell-free culture-media fil-
trates represented underestimations of the P-solubilizing
potential of tested PGPMs because measured P con-
centrations did not account for solubilized P that was
subsequently immobilized in microbial biomass of T
harzianum T-22 [20]. Inoculation of T-22 did not result
in considerable acidification of the Ca—P medium. Simi-
larly to the results described by [20] (2 pg P mL™! at pH
5, 48 h incubation of medium containing 0.16 g RP-P
LY, inoculation of T-22 resulted in acidification of the
RP medium, however, it did not lead to high P concen-
trations in media filtrates (35.7 ug P mL~! at pH 5.7-7.4,
65 h incubation containing 0.3 g RP—P L), This can also
be explained by immobilization of solubilized P in the
dense T-22 mycelium that was observed. Low pH values
were measured in SA media with or without inoculated
PGPM which corresponded to low P concentrations in
media filtrates. In addition to immobilization of solubi-
lized P in microbial biomass, low P concentrations in SA
medium despite low medium pH may be explained by
fixation of PO,>~ by A’™ and Fe*" which may be avail-
able at low pH conditions given the high SA concentra-
tions of Al (9.9%, 0.29 g SA—Al L™") and Fe (4.2%, 0.12 g
SA—Fe L71). This explanation supports the observation
that P concentrations increased with decreasing pH in
the RP medium because RP had a much lower concentra-
tions of Al (1.4%, 0.06 g RP—Al L™!) and about the same
concentration of Fe (5.1%, 0.20 g RP—Fe L™') as the SA
medium. We recorded pH values as low as 3.7 in cell-free
filtrates of culture media inoculated with Pseudomonas
sp. DSMZ 13134 or B. amyloliquefaciens FZB42. This
suggested that acidification by release of protons and/or
low-molecular weight organic acids as already reported
[20] ([24, 45-47] may have been the likely mode of action
for the solubilization of the inorganic P forms. This argu-
ment is supported by the significant negative correlation
between pH and P concentration in the media (P = 0.002;
r = — 0.47). For liquid media with RP only, the correla-
tion was even stronger (P < 0.0001; r = — 0.84). Similarly
to pH and total P concentration, there was high variabil-
ity in acid and alkaline phosphatase activity within and
between treatments. Measured acid and alkaline phos-
phatase activities may only be regarded as an indicator
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of the turnover or mineralization of organic P [21] and
not as a marker for solubilization of inorganic P. For the
RP medium, there was a positive correlation between
P concentration and phosphatase activity (P = 0.015;
r = — 0.77) indicating some turnover of organic P. Nev-
ertheless, solubilization of inorganic P by various PGPMs
in in vitro cultures does not guarantee improved P acqui-
sition and yield of plants in soil systems containing inor-
ganic P and inoculated with a P-solubilizing PGPM [47].
Results of in vitro Ca-P solubilization tests as a way
to assess P-solubilizing potential of PGPMs and their
potential to improve crop P acquisition must be criti-
cally evaluated for each soil type, and their chemical and
physical properties [21]. For instance, it has been shown
that maize P acquisition and biomass production after
inoculation of PGPM in was strongly dependent on soil
type and properties such as pH and overall fertility [48].
To increase the likelihood for identifying P-solubilizing
PGPMs that are effective under field conditions, it is sug-
gested to use the right in vitro test for PGPMs isolated
from the right soil type: Ca—P or RP solubilization test
for PGPMs isolated from alkaline soils; Fe—P/Al-P solu-
bilization with PGPMs from acid soils; and phytate min-
eralization with those from soils rich in organic matter
[21].

Several mechanisms for PGPMs to directly or indirectly
improve acquisition of soil or fertilizer nutrients by crop
plants such as root growth stimulation, nutrient solubi-
lization and mineralization, and induction of resistance
to biotic and abiotic stresses have been clearly described
already [14-16, 18-20, 22, 25, 35, 49].

Sometimes, promised beneficial effects of several com-
mercially available PGPMs are not realized even in con-
trolled greenhouse conditions [50] or in the field [15].
This may be explained by rapid decline in PGPM popu-
lations often observed after inoculation in natural soil
due to competition for nutrients, predation by other soil
organisms or other unfavourable biotic or abiotic factors
[37].

In our rhizobox experiment, placement of °N-labelled
stabilized (NH,),SO, + DMPP as a depot led to the for-
mation of intense localized root growth around the depot
(rhizosphere hotspot), which in turn led to improved
N-uptake as shown by higher shoot N concentration, >N
signal and N content compared to plants under homog-
enous supply of NO, . Placement of the NH,"-depot
also led to rhizosphere acidification, which coupled
with dense localized root growth led to higher shoot P
concentration and content than in plants under homog-
enous supply of NO;™. Inoculation of Pseudomonas sp.
DSMZ13134 in soil zones in which rhizosphere hot-
spots developed in response to placed root-attracting
NH,"-depots promoted the establishment of fluorescent
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Pseudomonas [30]. Inoculation of Pseudomonas sp.
DSMZ13134 showed a trend to improve shoot N con-
centration and content and shoot P concentration when
compare to the non-inoculated control.

Improved rhizosphere colonization of maize roots (Zea
mays L.) around an NH,"-depot by rifampicin-resistant
Bacillus amyloliquefaciens FZB42 has also been observed
in a pot experiment (Mohammad et al. 2016, unpublished
master thesis, Nutritional Crop Physiology, University of
Hohenheim).

In addition to inoculating PGPMs in NH,"-based
rhizosphere hotspots, inoculation of PGPM strains that
are adapted or compatible to specific soil properties
[21, 51], utilization of suitable nutrient additives, carrier
materials and inoculation techniques may increase their
survival rates PGPMs after inoculation in soil [37, 52].

Conclusions

Placement of a highly concentrated subsurface
NH,*-depot induced the formation of rhizosphere hot-
spots with intense rooting around the depots with mod-
erate bulk soil N_;, favouring depot-zone root growth.

min
PGPMs that readily solubilized sparingly soluble inor-
ganic P showed considerable tolerance to high NH,"
concentrations. Among these NH,"-tolerant PGPMs,
rhizosphere hotspot establishment of Pseudomonas sp.
DSMZ13134 was tested and found to be promoted the
NH,-depots in rhizobox-grown maize (Zea mays L.) in
comparison to corresponding soil zones under homog-
enous supply of NO;™. N-form effects on shoot N and
P concentration and content were stronger than that of
PGPM.
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