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21 Abstract: The endogenous pool of phytoregulators in plant tissues supplied with microbial secondary

22 metabolites may be crucial for the development of winter wheat seedlings during cool springs.

23 Phytohormones may be synthesized by psychrotrophic microorganisms in lower temperatures
24 occurring in temperate climate. Two fungal isolates from the Spitzbergen soils after the microscopic
25  observations and ITS region molecular characterization were identified as Mortierella antarctica
26 (MADEM 7) and Mortierella verticillata (MV DEM32). To study the synthesis of indoleacetic acid
27  (IAA) and gibberellic acid (GA) Mortierella strains were grown on media supplemented with
28  precursors of phytohormones (tryptophan or methionine) at 9, 15 and 20°C for 9 days. The highest
29  amount of TAA synthesis was observed in MV DEM 32 9-day culture at 15°C with 1.5 mM of
30  tryptophan. At the same temperature the significant promoting effect (about 40% root and shoot fresh
31  weight) of this strain on seedlings was observed. However, only MA DEM 7 had the ACC-deaminase
32 activity with the highest efficiency in 9°C and at this temperature synthesized IAA without
33 tryptophan also at the same conditions the strain confirmed the strong promoting effect (about 40%
34 root and 24% shoot fresh weight) on seedlings. Both strains synthesized GA in all tested terms and
35  temperatures. Tested Mortierella strains had some important traits to consider them as microbial

36  Dbiofertilizers component improving plant growth in difficult temperate climate.

37 Keywords: Mortierella, phytohormones, winter wheat seedlings, psychrotrophs

38

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.


http://dx.doi.org/10.20944/preprints201809.0298.v1
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/ijms19103218

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2018

39

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

71

72

73
74
75
76
77
78
79
80

1. Introduction

Next to the Penicillium and Aspergillus genera, Mortierella are very common filamentous fungi
isolated from environment [1, 2]. Soil ecological studies describing fungal diversity reported an
occurrence of Mortierella strains in soil, rhizosphere, rivers and lakes on different continents [3, 4, ,5,
6,7, 8, 9]. Nagy et. al. [1] described Mortierella as widespread in the temperate zone. Most of the
deeply investigated strains were isolated from low-temperature environments. Psychrophilic
microorganisms grow well at low temperatures (about 5°C or below), but their optimum is about
15°C or lower, while the psychrotrophs grow at low temperature with their optimum above 15°C and
their maximal growth temperatures is above 20°C [10, 11].

Winter wheat is one of the most important cereal crops in Europe, which is always sown in fall.
In Poland the optimal seedling window for this plant is between second half of September and first
half of October when the average of daily temperatures correspond with optimum growth
temperature of psychrotrophs [12,13].

The indoleacetic acid (IAA), gibberellic acid (GA) and ACC-deaminase are plant growth
regulators synthesized by plants as well as for many soil microorganisms [14] Tryptophan is
considered to be the precursor of auxins in higher plants and microbial synthesis of IAA which is
essential for all important processes including seedlings growth. Among many functions gibberellic
acid may stimulate the synthesis of hydrolytic enzymes activity during the germination of cereal
grain. The phytohormone - ethylene regulates plant development and stress resistance. Microbial
ACC-deaminase convert the precursor of ethylene (ACC) to the ammonia and a-ketobutyrate and
protect plants from too high concentration of phytohormone [15, 16, 17].

Microbial production of phytohormones and phytoregulators like ACC-deaminase is one of the
most important direct mechanism contributing to rapid and durable colonization of soil and as a
result enhancing the plant growth [18, 19, 20]. More attention should be focused on microorganisms
promoting plant growth at lower temperatures and in broad range of temperature during the
selection of microbial components of biofertilizers intended to applicate in climate conditions of
Eastern Europe. There are many very detailed studies on the synthesis of polyunsaturated fatty acids
by fungi of the genus Mortierella, but very little is known about production of phytoregulators by the
Mortierella strains [21, 22, 23, 24]. Therefore, in this study we identified two Mortierella strains growing
in the wide temperature range. We also have investigated synthesis of indoleacetic acid, gibberellic
acid, ACC-deaminase and evaluated the effect of these microorganisms on the growth of winter

wheat seedlings in the temperatures significant in the temperate zone.

2. Results

2.1. Identification and Optimal Growth Temperature of Fungal Isolates

Mycelium of tested MA DEM 7 and MV DEM 32 fungi growing on PDA formed a rosette,
cottony, white aerial colonies (Figure 1A, B). Additionally, the MV DEM 32 mycelium was yellowish
with age. As the result of microscopic observations of both tested microcultures incubated at 20°C for
7 days we did not obtain fungal sporulation. After 7-days incubation at 4°C the MV DEM 32 isolate
formed characteristic sporangiophores with few-spored sporangia (Figure 1C). This strain was
characterized by the presence needle-shaped sporangiophores with a 2-3 branches and few-spored

sporangia.

d0i:10.20944/preprints201809.0298.v1
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81 To obtain the sporulation by starvation of Mortierella strains we have also tried to culture
82  them on water agar, but they did not grow on this medium. We did not notice good sporulation of
83  MA DEM 7 isolate.

84 To identifficate of fungal isolates the ITS sequences were investigated and sent to NCBI Gen
85  Bank. 100% similarity to Mortierella antarctica (strain MA DEM 7) was detected. The MV DEM 32
86  strain exhibited 100% homology with Mortierella verticillata Linnem. — the synonym for this species is
87  Mortierella marburgensis Linnem [25, 26, 27] was detected. According to the best of our knowledge this
88 s the first work describing Mortierella verticillata isolated from the Spitzbergen soil. The consensus of
89  the ITS fragment (query) was submitted and deposited in the GenBank under accession
90  numbers: MH 289781 (strain MA DEM 7); MH 304896 (strain MV DEM 32)

91
I
J
';I et - - %‘
*) | ol ) \h
¥
A lt I )
) \
.II ,l' IJ
(B) i
\ = =
©
92 Figure 1. Mycelial growth of (A) M. antarctica DEM 7; (B) M. verticillata DEM 32 on PDA medium
93 (C) Sporangiophores with few-spored sporangia M. verticillata DEM 32, x 400 on PDA medium
94 2.2. The Effect of Temperature on the Radial Growth of Mortierella Strains
95
96 The ability of two Mortierella strains to growth at five different temperatures was tested to

97  determinate the optimal temperature conditions (Figure 2A, B). The experiment was just shut down
98  after 6 days when the fungal colony started to reaches the diameter of 9 cm wide on Petri dish. The
99  results showed that M. antarctica DEM 7 and M. verticillata DEM 32 strains were able to grow at
100  temperature range between 4°C and 28°C however the MA DEM 32 demonstrated minimal growth
101 at 28°C (the diameter of colony on the 6th day of experiment was only 1 cm). The best temperature
102 for mycelial growth of MA DEM 7 and MV DEM 32 was 15°C in addition with the highest growth
103 rate, respectively (1.19 £0.08; 1.35+0.09) (Table 1).
104
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105 Figure 2. Mycelial growth [cm] at PDA medium measured daily for 6 days (A) the diameter of the
106 M. antarctica DEM 7; (B) the diameter of the M. verticillata DEM 32 at five temperature conditions.
107 Values are means of three replicates. Bars represented standard deviations (SD)
108 We found that Mortierella growth rate at 20°C between 5th and 6th day of incubation was

109  slow. At 4°C the colony of MA DEM 7 and MV DEM 32 started to grow from the very beginning of
110 the experiment. The optimal growth temperature for Mortierella strains (MA DEM 7 and MV DEM 32)
111  on PDA medium oscillated between 15°C and 20°C (Figure 3A, B).

112
113 Table 1. The mycelial growth rate [cm/day] of M. antarctica DEM 7 and M verticillata DEM 32 at five
114 temperature conditions
Temperature MA DEM 7 MYV DEM 32

4°C 0.77° +0.06 0.71% +0.02

9°C 1.0< +0.05 1.0 +0.04

15°C 1.194 +0.08 1.354 +0.09

20°C 1.09<d +0.05 1.25¢d +0.06

28°C 0.72 +0.02 0.0412 +0.00
115 Means followed by the same letters at the same columns are not significantly different
116 2.3. Phytoregulators Activity Assayed at Different Temperature Conditions
117
118 Two fungal strains M. antarctica DEM 7 and M. verticillata DEM 32 were tested for their ability

119 tosynthesize IAA. The CDM (Chapek-Dox modified) medium supplemented with initial dose of Trp
120 (1.5 mM or 3.0 mM) was more suitable for IAA production for MV DEM 32 strain compared with
121 CDM without Trp at 15°C and 20 °C (Figure 3B, D, F). The highest amount of IAA was measured after
122 7. and /or 9. day of incubation Mortierella strains at all temperature conditions (Figure 3B, C, D, E, F)
123 except with MA DEM 7 strain incubated at 9°C (Figure 3A). It was found that the concentration of
124 TAA in M. verticillata cultures was correlated with the initial concentration of Trp at 9°C and 20°C
125  (Figure 3B, F). The optimal growth conditions for both tested fungi were obtained in CDM
126  supplemented with 1.5 mM Trp at all tested temperatures except with MA DEM 7 strain incubated
127  at 9°C (Figure 3A). Only in the absence of Trp M. antarctica strain synthetized (about
128  0.75 ug IAA/mL), but the dry weight of fungal biomass obtained at such conditions was the highest
129  (about 38 mg d.w./mL). After incubation at 15°C and 20°C the MA DEM7 strain, higher
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130 concentration of IAA was obtained, but only in cultures with the initial dose of Trp 3.0 mM (Figure

131 3B, F).
132
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134 Figure 3. The indoleacetic acid (IAA) concentration and fungal biomas in M. antarctica DEM 7 (A, C, E) and
135 M.verticillata DEM 32 (B, D, F) cultures grown in CDM medium supplemented with 1.5 mM, 3.0 mM or
136 without Trp in different temperature. Bars represented standard deviations (SD)
137 Both Mortierella strains started GA synthesis after 24 hours of incubation on media supplemented

138 with Trp and without amino acid in all free temperatures (Figure 4A, B). The optimal conditions of
139 phytohormone synthesis depended on the culture conditions. Under all tested conditions the highest
140  concentration of GA was found in the 9. days MV DEM 32 isolate culture with 3.0 of Trp after
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141 incubation at 20°C (about 3 ug GA/mL") (Figure 4B). The 3 times lower, maximum concentration of
142 phytohormone, in MA DEM 7 isolate was measured at the end of experiment but in the culture
143 without prior addition of tryptophan (Figure 4A). The optimal growth conditions for both tested
144 Mortierella strains were similar (Figure 4A, B).
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146 Figure 4. The gibberellic acid (GA) concentration and mycelial growth in M. antarctica DEM 7 (A) and
147 M. verticillata DEM 32 (B) cultures grown in CDM medium supplemented with 3.0 mM Trp in
148 different temperature conditions. Bars represented standard deviations (SD).
149 Two Mortierella strains were able to grow on CDM (data not shown). Only M. antarctica DEM 7

150  expressed ACC-deaminase activity from 0.9 to 6 uM of a-ketobutyrate/mg protein/h with the highest
151  amount at 9°C (Figure 5).
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153 Figure 5. The ACC-deaminase activity of M. antarctica DEM 7 culture in different temperature
154 conditions (9-day culture). Results are represented as UM of a-ketobutyrate mg/protein/h. Bars
155 represented standard deviations (SD).

156  2.4. Growth of Winter Wheat Seedlings with Mortierella Strains Under Various Conditions

157

158 To find out if the tested Mortierella strains promoting plant growth we germinated winter wheat
159  seedsin the presence of fungal inoculum with or without the initial dose of tryptophan (Figure 6A, B).
160  Cultivation of winter wheat grain at 15 °C with MA DEM 32 strain in the presence of 3.0 mM Trp led
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161  toincrease in the total root fresh biomass over 40% as compared to the control with Trp (Figure 6A).
162 The same stimulating effect of MA DEM 7 strain on root fresh weight was observed after 10 days of
163 inoculation at 9 °C but without precursor of IAA - tryptophan additionally the shoot fresh weight of
164 these plants was also higher as compared to the non-inoculated control and other plants growing
165  without Trp (Figure 6B). The highest shoot fresh weight was measured in seedlings grown with Trp
166  added and with MV DEM 32 inoculum. After 5 days of development the seedling shoot fresh weight
167  was almost 40 % higher than the fresh weight those grown aseptically with Trp.
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175 Figure 6. Effect of Mortierella strains on winter wheat seedlings root (A) and shoot (B) fresh weight in
176 different temperature conditions with 3.0 mM Trp or without Trp. Results are presented as percent of
177 controls treated or non-treated with Trp. Values are means of six replicates of each treatment (with 20
178 seedlings). Bars represented standard deviations (SD).
179 The PCA ordination analysis facilitated determination of the relationships among IAA

180  concentration, strain dry weight, and the roots and shoots fresh weight in two Mortierella strains,
181  treated and not treated tryptophan, cultivated at 9, 15 and 20 °C and analyzed after 5 and 10 days
182  (Figure 7). All the variables analyzed were statistically significant at the level of p<0.05. Four axes of
183  the diagram explained 98.1% of the data variability, i.e. the first axis — 56.1%, and the second one —
184  20%.

185 The two main trends of the variation could be seen. The first trend was related to the first axis
186  and was positively correlated with all variables tested. The strongest correlation with this axis was
187  shown by RFW and SFW. Axis 1 determined the gradient of all analyzed parameters. Group 1
188  represents an increasing dependence of FW starting from 7 and 1 to 22 and 24. Group 2 was
189  negatively correlated with the first axis and correlated with the temperature. Axis 2 was strongly

190  positively correlated with the day of the analysis. IAA concentration increased from 7 to 22 and 24.
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198 Figure 7. Ordination diagram showing the results of the PCA for the two strains: MA DEM 7 and MV DEM
199 23, both with out and with tryptophan, treated three temperatures (9, 15 and 20 °C; Temp.) and analyzed
200 in two days (5 and 10 day; Day). RFW and SFW - average root and shoot fresh weight, respectively; IAA -
201 average concentration; SW - strain dry weight.
202 3.Discussion
203 We have obtained good sporulation after 7 days by incubating the microculture of

204 M. verticillata DEM 32 at 4°C to trigger reproduction. According to Domsch et al. [25]
205  sporangiophores of M. verticillata are smoof, more or less verticillately branched. Watanabe [27]
206  noticeded 1-3 sporangiospores per M. verticillata sporangium. Original isolate of Mortierella verticillata
207  has a few 2-spored sporangia [25]. Our observation of MV DEM 32 strain confirmed the presence of
208  needle-shaped sporangiophores, at the base with a few (1-5) branches was described by Skirgietto et.
209  al. [26] (Figure 1C). According to phylogenetic analysis confirmed by DNA amplification and
210  nucleotide sequence, Wagner et. al. [28] classified Mortierella antarctica in the group 6: alpina and
211 polycephala. Domsch et al. [25] noticed that Mortierella alpina forms many-spored sporangia. Del
212 Frate and Caretta [29] described the same features, but for M. antarctica. M. alpina forms unbranched
213 sporangiophores with a widened and often irregularly swollen base [25]. According to Del Frate and
214 Caretta [29] M. antarctica has additionally a basal collarette. In this study, Mortierella antarctica DEM 7
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failed to sporulate and we did not observe some of the morphological characters of this species and
genetic analysis was required. Based on analysis of ITS1 and ITS4 fragments two strains were
identified as Mortierella antarctica (strain MA DEM 7) and Mortierella verticillata (strain MV DEM 32).

Five temperatures were used to find the optimum for mycelial growth of Mortierella antarctica
DEM 7 and Mortierella verticillata DEM 32 (Figure 2A, B). Strains exhibited an optimal growth
temperature between 15°C and 20°C. The results also confirm that two Mortierella fungi are able to
grow at lower temperatures (4°C and 9°C) and might be classified as psychrotrophs similarly to other
isolates of Mortierella investigated before [9, 29]. Shmidt et al. [7] announced that 317-1 strain from
subalpine forest, belonging to Mortierellales has its optimal growth temperature between 15°C and
20°C. The strain Mortierella alpina ITA-CCMA-952 isolated from Antarctic moss and tested by Melo
et. al. [4], grew at a very wide range of temperatures with the optimum between 15°C and 25°C. The
strain incubated at 4°C at the 6th day of incubation reached about 2.8 cm of diameter, but the colony
of this Antarctic fungus did not grow through the first two days of the experiment. After 6 days at
15°C the M. alpina ITA-CCMA-952 colonies reached only 4.0 cm, which was only about 50 % of final
MA DEM 7 and MV DEM 32 diameter. These data show that the optimal growth temperature of
strains isolated from similar habitat can differ significantly.

There are many reports announced that plant growth promoting fungi (PGPF) improving crop
productivity [4, 20, 30, 31, 32, 33]. Indoleacetic acid, the main auxin is crucial for majority of plant
growth and development processes. The production of microbial IAA may depend on the presence
of its precursor — tryptophan, however some microorganisms and plants can also synthesize IAA by
Trp-independent mechanism [15, 34]. According to Quiroz-Villareal et. al. [35] this amino acid was
identified as one of the component of root exudates. The IAA synthesis is widespread among soil
microorganisms involving them with a promoting of plant growth. It was found that the
concentration of IAA in Mortierella cultures was correlated with the initial dose of Trp at 15°C and
20°C. The optimal dose of Trp recommended for fungal cultures is from 2 to 4 mM of Trp and the
maximal concentration of IAA was usually measured in 60 and 72 hour of incubation [36, 37]. Our
study confirmed that in the absence of Trp (1.5 or 3.0 mM) M. antarctica and M verticillata strains
synthesized respectively about 16 uglIAA/mL and 32 ugIAA/mL (Figure3C, D). The newest
publication describing the significantly increased levels of IAA in tissue of maize seedlings growing
in soil inoculated with Mortierella elongata [38]. The concentration of IAA in plant tissue inoculated
with this strain, after 29 days was about 27 % higher than this indicated in non-inoculated seedlings.
Furthermore, the whole genome sequencing of Mortierella elongata showed the genetic capacity to
synthesize of IAA. Wani et. al. [32] investigated the IAA synthesis of fungal isolates from Croccus
sativus in India. At 7 th day of incubation the Mortierella alpina CS10E endophytic strain synthesized
21.6 mg IAA/L while our M. verticillata DEM 32 strains at the same time produced about 26 mg/L
[Figure 3D].

Gibberellic acid (diterpenoid acid) is one of the major phytoregulator among others controlling
seed germination, root and shoot growth of plants [39]. GA effects on plant growth at very low
concentration and it is known to be synthesizing by plants and some microorganisms. There are many
reports indicating the ability to GA synthesis by filamentous fungi belonging to genera: Aspergillus,
Penicillium, Fusarium and Rhizopus [15, 39, 40]. According to the best of our knowledge this is one of
the first work investigating the synthesis of gibberellic acid by Mortierella strains. The concentration
of GA indicated in MV DEM 32 cultures was correlated with temperature of incubation (Figure 4B)

d0i:10.20944/preprints201809.0298.v1
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258  and the highest value of phytohormone measured at 20°C was about 3 times higher in comparison
259  with the amounts of GA in the cultures incubated at 9°C or/and 15 °C. The MV DEM synthesis of GA
260  at 20°C was greater every day in contrast the highest amount of GA was measured at 1st day of
261  incubation. It is important to take individual time of phytoregulators accumulation in liquid cultures
262  when selecting PGPF strains. Additionally, the dry weight of MV DEM 32 mycelium measured at 9th
263  day cultures incubated at 9°C and 20°C (about 37 mg/mL). These results shows that synthesis of GA
264  depends on the temperature. Fluctuations in the results of phytohormone synthesis observed in
265  culture of MA DEM 7 strain in all temperatures (Figure 4A) suggest that some part of gibberellic acid
266  could be utilized [32]. Our earlier studies with filamentous fungi suggest that tryptophan (the
267  precursor of IAA and GA) may be consumed [15].

268 ACC-deaminase is one of the efficient markers for microorganisms, which promotes plant
269  growth by decreasing the level of ethylene in plant tissues [42]. One of the products of ACC
270  hydrolysis is ammonia, source of nitrogen available for microorganisms and plants. The positive
271 effect of inoculation with rhizobacteria containing ACC-deaminase was observed [14]. In the
272 presented study MA DEM 7 strain increased fresh biomass of seedlings root at 9°C (Figure 5A). The
273 linear correlation between temperature of incubation and ACC-deaminase activity (R>=0.803) implies
274  that activity of phytoregulator increased with decrease of incubation temperature.

275 The production of phytoregulators may enhance the germination, root and shoot plant growth
276  [43]. Our results of IAA activity by MA DEM 7 and MV DEM 32 suggested that both strains could
277  effectively promote plant growth at lower temperature.

278  In order to study the real Mortierella impact on the growth of winter wheat seedlings we inoculated
279  seeds with strains in the presence of tryptophan. Plant roots are very sensitive to IAA concentration
280  this is the first plant organ responses for increasing amount of exogenous auxin [44]. In this study
281  inoculation with tested Mortierella fungi at 15°C and 20°C with 3.0 mM Trp, after 5 days showed the
282  increasement in fresh weight of root and this effect was visible also after 10 days (Figure 6A, B)
283 compared to non-inoculated seedlings.

284 In Ul Hassan and Bano experiment [32] the seeds of Triticum aestivum were treated with aqueous
285  solution of Trp. After 57 days of pot experiments the weight of fresh aerial parts of plants treated
286  with Pseudomonas moraviensis or Bacillus cereus increased even about 20 % as compared to the control.
287  In this study, inoculation with Mortierella strains improves shoot growth of winter wheat seedlings
288 (Triticum aestivum L. cv Arkadia) under a various temperature conditions (Figure 6A). Additionally,
289  wenoticed the higher root and shoot biomass of plants mainly cultivated at 15°C and 20°C with initial
290  dose of Trp but at 9°C we measured the highest fresh mass of plants cultivated without Trp. This data
291  suggests that at lower temperatures the presence of the precursor of phytohormones is not the main
292  factor influencing at phytoregulators synthesis.

293 Winter grains germinate before winter comes and plant root is crucial for good plant adaptations
294  to critical factors indicates in temperate zone. Some of psychrotolerant Mortierella strains may
295  enhancing plant growth at the beginning of vegetative period in temperate zone. Further studies
296  using these strains should be continued for the exact contribution of the other PGP traits of Mortierella
297  strains at lower temperatures. The potential of these strains in practical use (in field experiment)
298  should be undertaken. According to our research, the M. verticillata DEM 32 strain indicated
299  phytohormones synthesis and stimulated growth of plant biomass especially at 15°C and 20°C in the
300  presence of tryptophan (Figure 4B, 7). What is interesting M. antarctica DEM 7at 9°C showed its
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301  highest ACC-deaminase activity and GA synthesis comparing with all temperatures examined. The
302  selection of microbial components of biofertilizers should be based on the wide spectrum of biological
303 diversity [45] On this account, the PGPF activity in lower temperatures should be also taken into
304  consideration. There is still a need of research on efficient strains potential component of agricultural
305  product.

306

307 4. Materials and Methods

308  4.1. Microscopic and Molecular Identification of Fungal Isolates

309

310 The experiment was carried out on two Mortierella fungi MA DEM 7 and MV DEM 32
311  isolated from soil humus horizon collected from micro-relief forms in tundra in the Bellsund region,
312 west coast of Spitzbergen, in the Svalbard Archipelago (77°33’ N, 14°31" E). Soil properties and
313 microbial activity were presented and discussed in the study by Kurek et al. [10].

314 The morphological identification of pure cultures of isolates to the species level was
315  accomplished using established procedures including macroscopic characteristics on the plates and
316  microscopic observation in the microcultures. In the macroscopic observations of cultures on plates
317  and slants on PDA medium the macromorphological traits were considered colonies size and
318  structure: velvety, woolly or the presence of concentric petals or stipes, pigment (revers, awers). The
319  microscopic observations were conducted in microcultures. The micromorphological features
320  included observation of shape and size of sporangiophores, sporangia and amount of
321  sporangiospores in sporangium and the presence and morphology of chlamydospores. Fungal
322 microcultures were cultivated in sterile Petri dishes with sterile triangle-shaped glass rod and
323 microscope slide. Agar discs (10 mm in diameter) were cut with sterile cork-borer from PDA medium
324  and placed on the center of the slide. Small blocks of medium were inoculated with mycelial hyphe
325  of the Mortierella fungi. After that sterile cover slide was put onto inoculum. Sterile distilled water
326  (3mL) was transferred gently on the bottom of Petri dish in order to maintain humidity.
327  Microcultures were incubated at 20°C for 7 days and at 4°C for 7 days. To obtain a better sporulation
328  of tested fungi we tried to culture microorganisms on water agar (agar media containing no nutrients)
329  and incubated at 4°C and 20°C according to Su et.al. [46].

330 The morphological characteristics and classification the species level was identified
331  according to the keys and descriptions given by Domsch et al. [25], Watanabe [27] and Skirgietto et
332 al. [27]. The microscopic observations were conducted in microcultures on agar discs using an

333 Olympus BX-41 laboratory microscope [47].

334

335  4.1.1. Genomic DNA Extraction, Primers and Sequencing

336

337 Fungal species were identified using ITS (internal transcribed spacer) region sequencing

338  method. The total genomic DNA was extracted from fungal mycelium using CHELEX resin (Biorad)
339  and enzymes for digesting the cell wall, i.e. lyticase (1 mg/1 ml) and Proteinase K (20 mg/ml). The ITS
340  region was amplified using two primers described by White et al. [48]. The ITS1 (59-TCC GTA GGT
341  GAA CCT GCG G-39) and ITS 4 (59-TCC TCC GCT TAT TGA TAT G-39) make use of conserved
342 regions of the 185 (ITS 1) and the 28S (ITS 4) rRNA genes to amplify the intervening 5.8S gene and
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the ITS 1 and ITS 2 noncoding regions. The primers were synthesized using the UNMC, Eppley
Molecular Biology Core Laboratory. The amplicons were resolved by capillary electrophoresis using
the Applied Biosystems Inc. ABI3730xI DNA genetic analyser in the DNA Sequencing and
Oligonucleotide Synthesis Laboratory, Institute of Biochemistry and Biophysics oligo.pl in Polish
Academy of Sciences, Warsaw, Poland. Contiguous sequences (contigs) were assembled from
chromatogram sequence reads using Seqman (DNAStar) and a consensus sequence was generated.
The sequences were aligned with a software aligner and analyzed to identify the fungi according to
BLAST search of the sequences and performed against NCBI-GenBank database for comparison. The
nucleotide sequences are available under the GenBank accession numbers: MH 289781 (strain
MA DEM 7); MH 304896 (strain MV DEM 32).

4.2. Determination of Optimal Fungal Growth Temperature

The starting cultures of M. antarctica DEM 7 and M. verticillata DEM 32 were incubated at 4,
9, 15, 20,28°C on PDA medium for six-day. To determinate the optimal growth temperature the
Mortierella isolates were grown on PDA medium (Potato Dextrose Agar - Sigma Aldrich 70139) at five
temperatures (4, 9, 15, 20 and 28 °C). The myecelia discs (0.8 cm) from starting cultures were
transferred to PDA medium in Petri dishes (total diameter 9 cm). The diameters of the colonies of
Mortierella strains were measured daily for six days. Data obtained for mycelial growth were collected

from six replicates.

4.3. Maintenance of Strains

The Mortierella strains were stored on PDA (Potato Dextrose Agar, Sigma-Aldrich, 70139)
slants at 4°C, transferred every 3 months, deposited in the Fungal Collection of the Department of

Environmental Microbiology (DEM) at Maria Curie-Sklodowska University, Lublin, Poland.

4.4. In Vitro Screening of Mortierella Strains for Phytoregulators Synthesis

4.4.1. Preparation of Fungal Inoculum

To prepare liquid inoculum two Mortierella strains (MA DEM 7 and MV DEM 32) were grown
on CDM (Czapek-Dox Modified) medium composed of: glucose, 10.0 g; NaNOs, 3.00 g; K2HPOs, 1.00
g; MgS0Os, 0.50 g; KCl, 0.50 g; and FeSOs, 0.01 g in 1000 mL, pH 7.0 [49]. The strains were cultivated
in darkness at 20 °C and 60% relative humidity in an Innova 4900 growth chamber (New Brunswick
Scientific, USA) at 120 rpm for 3 days. Mycelial pellets from shaken cultures were filtered from the
growth medium and then washed and resuspended in 9 mL sterile, deionized water. The mycelial
suspensions were fragmented under sterile conditions, five times for 20 s each time at 1-min intervals
at 10.000 rpm in a laboratory blender (IKA® T 18 basic ULTRA - TURRAX®) and adjusted by dilution
to the desired concentration (about 1x10%cfu/mL). To confirm the number of fungal cfu/mL, 1 mL of
the homogenate the biomass was suspended in 9 mL of sterile distilled water and mixed vigorously
with a vortex and the serial dilutions were prepared. The number of fungal cfu/mL was determined

by the plate dilution technique on CDM medium and counted after 7 days of incubation at 20°C.
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4.4.2. The Phytohormones and ACC-deaminase Formation

To study of the formation, the IAA (indoleacetic acid) and GA (gibberellic acid) Mortierella,
strains were cultivated in 250 mL Erlenmeyer flasks with 50 mL of a CDM liquid media (pH 7.0). The
CDM medium was supplemented with the solutions of IAA precursor - tryptophan (Trp) sterilized
using syringe filters (0.22 um) in dose 0 mM, 1.5 mM and 3.0 mM. Cultures were incubated at 9, 15
and 20°C. To study the GA synthesis strains were cultivated on CDM medium with initial dose of
3.0 mM Trp. The ACC-deaminase activity was studied on CDM medium with 1.5 g NaNOs. The
phytohormones concentration and ACC-deaminase activity were measured in 1., 3., 5., 7. and 9. days
filtrates of fungal cultures. The dry weight of mycelial fragments in the liquid culture was determined
after collecting on Whatman no. 1 filters and weighting them after drying at 60°C for 24 h. To
determine the ability of the Mortierella strains to synthesize IAA, GA and ACC-deaminase the
supernatants of the liquid culture were centrifuged (10,000xg for 10 min). The IAA concentration was
estimated according to the method of Glickmann & Dessaux [50], using Salkowski’s modified reagent
[15, 51]. One mL of the culture supernatant was mixed with 1 mL of Salkowski’s reagent. The
absorbance of the pink color was developed after 30 min of incubation in darkness at 20°C and read
at A = 530 nm. The concentration of IAA was calculated from the regression equation of standard
curve of pure indole-3-acetic acid (Sigma 57330). To quantify the GA using the modified method of
Briickner et al. [30, 52], Hasan [41] the pH of filtrates was adjusted to 2.8 with 1 M HCl and extracted
3 times with equal volume of ethyl acetate. The ethyl acetate fractions were pooled and vacuum-
evaporated (using Eppendorf Concentrator plus) at 20°C. The dry pellet was resuspended in
ethanol:H250s4 (9:1) mixture. The absorbance was read at A=254 nm and the GA concentration was
calculated from the regression equation of standard curve of pure gibberellic acid (Sigma 63492) and
expressed as pg/mL over control [15]. All the spectrophotometric analyses were conducted on Varian
Cary 1E UV-Visible Spectrophotometer.

The ACC deaminase activity was assayed according to a modified method of Belimov et al.
[42] and Shaharoona et al. [14] measuring the amount of a-ketobutyrate, product relelased after
hydrolysis of ACC. The number of umol of a-ketobutyrate produced by this reaction was determined
by comparing the absorbance at 540 nm of a sample to a standard curve of a-ketobutyrate (Sigma-
Aldrich, USA) ranging between 0.1 to 1.0 uM. The ACC deaminase activity was expressed in mM of
a-ketobutyrate mg/protein/h. The protein concentration was quantified by the Bradford method [53].
For the assessment of ACC deaminase activity Mortierella strains were grown on CDM medium at 9,
15 and 20 °C. At the end of the induction period, the cultures were centrifugated at 15 000 rpm for 5
min, and washed with 0.1M Tris-HCI (pH 7.5). After centrifugation the mycelia were fragmented
under sterile conditions, three times for 10 s each time at 1-min intervals at 10.000 rpm in a laboratory
blender (IKA® T 18 basic ULTRA - TURRAX®). To 200 puL of homogenized material 25 uL of toluene
was added and vortexed vigorously for 30 s. ACC (20 uL of 0.5 M solution) was added to the
suspension, vortexed and after 15 min incubation at 20°C, 1 mL of 0.56 N HCl was mixed. The lysates
were centrifuged (10 000 g, 10 min) and 1 mL of the supernatant was mixed with 800 mL of 0.56 N
HCl and with 300 mL of 2,4-dinitrophenylhydrazine (0.2 g in 100 mL of 2 N HCI). The mixtures were
incubated for 30 min at 20°C, following the addition and mixing of 2 mL of 2 N NaOH, the absorbance

of the mixture was measured using spectrophotometer at 540 nm.
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4.5. Winter Wheat Seedlings Inoculation with Mortierella Strains — Experimental Design

Seeds of winter wheat (Triticum aestivum L. cv Arkadia) purchased from DANKO Plant breeding
Choryn Poland) were used in the experiments. Grains were surface-sterilized according to the
procedure described by Jaroszuk-Sciset and Kurek [54]. For 30 min the seeds were washed in tap
water, then soaked for 10 min in a solution of HgCl2(0.1%, w/v), submerged for 10 min in a solution
of H202 (30%, v/v) and washed three times with sterile deionized water. Surface-sterilized seeds were
rinsed ten times in homogenized mycelial inoculum of MA DEM7 and MV DEM 32 (about
1x105cfu/mL) prepared as described before (chapter 4.4.1.) and transferred to sterile Petri dishes
taking 20 seeds per dish. Six experiment treatments were used: without Trp, with water addition,
inoculated with MA DEM 7 or MV DEM 32; with Trp solution (3.0 mM Trp/mL), inoculated with
MA DEM 7 or MV DEM 32 and non-inoculant treatments (with or without Trp) as controls. The effect
of fungal strains on winter wheat seedlings growth was observed under different temperature
conditions (incubation at 9, 15 and 20 °C). The root and shoot fresh total weight of winter wheat

seedlings was measured in g after 5 and 10 days of incubation.
4.6. Statistical Analysis

The experiments were carried out in three independent replicates and the results were expressed as
mean + SD. Standard deviations (presented as deviation bars) and determined using Microsoft Excel
2016 (Microsoft Corp., Redmond, Washington, USA). Where appropriate, the data were subjected to
one-way ANOVA analysis of variance, significance was evaluated at p < 0.05. The responses of
Mortierella strains to the selected temperatures and days of cultivation were evaluated by the
principal component analysis (PCA) in the MVSP3.21 package. The analyses were based on the

average values.
5. Conclusions

Based on morphological properties and sequence homology of the MA DEM 7 and MV DEM 32
filamentous fungi, two isolates from Spitzbergen soil were identified as Mortierella antarctica and
Mortierella verticillata respectively. Our results confirmed that tested Mortierella strains are able to
grow and synthetize the phytoregulators in conditions encountered in a temperate climate. After
inoculation of winter wheat with Mortierella strains we have observed a positive effect on seedlings

root and shoot fresh mass.

Author Contributions:

Ewa Ozimek and Jolanta Jaroszuk Sciset conceived experiments and the experimental design. Ewa
Ozimek and Anna Stomka administrated the project. Renata Tyskiewicz, Artur Nowak and
Agnieszka Hanaka participated in the plants cultivation, collecting the plant tissue and data analysis.
Justyna Bohacz and Teresa Kornitowicz-Kowalska conducted the morphological identification of

fungi. Ewa Ozimek, Jolanta Jaroszuk Sciset, Agnieszka Hanaka, Justyna Bohacz and Teresa

d0i:10.20944/preprints201809.0298.v1


http://dx.doi.org/10.20944/preprints201809.0298.v1
http://dx.doi.org/10.3390/ijms19103218

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2018 d0i:10.20944/preprints201809.0298.v1

471  Korniltowicz-Kowalska prepared the original draft manuscript. All authors approved the final

472 version of the manuscript for submission.

473

474 Funding: This work was supported by project of National Science Centre, Poland — MINIATURA 1
475 no.2017/01/X/NZ9/00837.

476 Acknowledgments: The authors would like to thank M.Sc. Jan Gawor for identifying the fungi with the
477 sequencing method.

478 Conflicts of Interest: The authors declare that they have no conflict of interest.

479  Abbreviations

TIAA indoleacetic acid

GA gibberellic acid

PGPF plant growth promoting fungi
PDA potato dextrose agar

CDM Chapek-Dox modified medium

480  References

481

482 1. Nagy, L.G,; Petkovits, T.; Kovacs, G.M.; Voigt, K.; Vagvolgyi, C.; Papp, T. Where is the unseen fungal
483 diversity hidden? A study of Mortierella reveals a large contribution of reference collections to the
484 identification of fungal environmental sequences. New Phytol. 2011, 191(3),789-794.

485 2. Yadav, D.R,; Kim, SSW.; Adhikari, M.; Um, Y.H.; Kim, H.S.; Kim, C.; Lee, H.B.; Lee, Y.S. Three New
486 Records of Mortierella Species Isolated from Crop Field Soil in Korea. Mycobiology 2015, 43, 203-209,
487 DOl:org/10.5941/MYCO.2015.43.3.203.

488 3.  Gongalves, V.N.; Vaz, A.B.M,; Rosa, C.A.; Rosa, L.H. Diversity and distribution of fungal communities
489 in lakes of Antarctica.,, FEMS Microbiol. Ecol. 2012, 82, 459-471, DOIL:10.1111/j.1574-6941.2012.01424.x.
490 4.  Melo, I.S,; Santos S.N.; Rosa, L.H.; Parma, M.M.; Silva, L.].; Queiroz, S.C.; Pellizari, V.H. Isolation and
491 biological activities of an endophytic Mortierella alpina strain from the Antarctic moss Schistidium
492 antarctici. Extremophiles. 2014, 18, 15-23, DOI:10.1007/s00792-013-0588-7.

493 5. Nguyen, T. T. T,; Lee, H. B. Characterization of a zygomycete fungus, Mortierella minutissima from
494 freshwater of Yeongsan River in Korea. Kor. J. Mycol. 2016, 44(4), 346-349,
495 DOT:org/10.4489/KJM.2016.44.4.346.

496 6.  Salt, G.A. The Incidence of Root-Surface Fungi on Naturally Regenerated Picea sitchensis Seedlings in
497 Southeast Alaska., Forestry: Int. ]. Forest Res. 1977, 50, 113115, DOI:org/10.1093/forestry/50.2.113.
498 7. Schmidt, S.K.; Wilson, K.L.; Meyer, A.F.; Gebauer, M.M.; King, A.]. Phylogeny and ecophysiology of
499 opportunistic "snow molds" from a subalpine forest ecosystem. Microb. Ecol. 2008, 56, 681-687,
500 DOI:10.1007/s00248-008-9387-6.

501 8.  Singh, SM.; Singh, S.K,; Yadav, L.S.; Singh, P.N.; Ravindra, R. Filamentous soil fungi from Ny-
502 Alesund, Spitsbergen, and screening for extracellular enzymes. Arctic. 2012, 65, 45-55.

503 9. Alj S.; Alias, A,; Siang, H.Y.; Smykla, J.; Pang, K.L.; Guo, S.Y.; Convey, P. Studies on diversity of soil
504 microfungi in the Hornsund area, Spitsbergen. Pol. Polar Res. 2013, 34, 39-54,
505 DOI:10.2478/popore-2013-0006.

506 10. Kurek, E.; Kornitlowicz — Kowalska, T.; Stomka, A.; Melke, J. Characteristics of soil filamentous fungi
507 communities isolated from micro-relief forms in the high Arctic tundra (Bellsund region, Spitzbergen).
508 Pol. Polar Res. 2007, 28, 57 — 73.

509 11. Wang, P,; Liu, Y.; Yin, Y,; Jin, H,; Wang, S.; Xu, F.; Zhao, S.; Geng, X. Diversity of microorganisms
510 isolated from the soil sample surround Chroogomphus rutilus in the Beijing Region, Int | Biol Sci. 2011,
511 7,209-220, DOI:10.7150/ijbs.7.209.

512 12.  Baruth, B.; Van den Berg, M.; Niemeyer, S. Crop monitory in Europe Improved weather conditions for
513 winter crops. Mars Bulletin 2015, 23, 11
514 http://publications.jrc.ec.europa.eu/repository/bitstream/JRC99692/lbam15011enn.pdf

515 13. Paulsen, G.M.; Heyne, E.G. Grain Production of Winter Wheat after Spring Freeze Injury A J. 1982, 75,

516 705-770, DOI:10.2134/agronj1983.00021962007500040031x.


http://dx.doi.org/10.20944/preprints201809.0298.v1
http://dx.doi.org/10.3390/ijms19103218

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2018 d0i:10.20944/preprints201809.0298.v1

517 14. Shaharoona, B.; Bibi, RM.; Arshad, Z.A.; Ul-Hassan, Z. 1-Aminocylopropane-1-carboxylate (acc)-
518 deaminase rhizobacteria extenuates acc-induced classical triple response in etiolated pea seedlings.
519 Pak. ]. Bot. 2006, 38, 1491-1499.

520 15. ]aroszuk-écise{, J.; Kurek, E.; Trytek, M. Efficiency of indoleacetic acid, gibberellic acid and ethylene
521 synthesized in vitro by Fusarium culmorum strains with different effects on cereal growth. Biologia 2014,
522 69, 281-292, DOI:10.2478/s11756-013-0328-6.

523 16. Khan, A. L.; Hamayun, M.; Kim, Y.-H.; Kang, S. M.; Lee, J. H.; Lee, I. N. Gibberellins producing
524 endophytic Aspergillus fumigatus sp. LHO02 influenced endogenous phytohormonal levels,
525 isoflavonoids production and plant growth in salinity stress. Process Biochem. 2011, 46, 440-447,
526 DOI:10.1016/j.procbio.2010. 09.013.

527 17. Kaurek, E.; Ozimek, E.; Sobiczewski, P.; Stomka, A.; ]aroszuk-SciseL J. Effect of Pseudomonas luteola on
528 mobilization of phosphorus and growth of young apple trees (Ligol) - pot experiment. Sci. Hortic. 2013,
529 164, 270-276, DOI:10.1016/j.scienta.2013.09.012.

530 18. Osorio, N.W.; Habte, M. Synergistic influence of an arbuscular mycorrhizal fungus and a P solubilizing
531 fungus on growth and P uptake of Leucaena leucocephala in an oxisol. Arid Land Res. Manage. 2001, 263-
532 274, DOI:org/10.1080/15324980152119810.

533 19. Tamayo-Velez, A.; Osorio, N.W. Co-inoculation with an arbuscular mycorrhizal fungus and a
534 phosphate-solubilizing fungus promotes the plant growth and phosphate uptake of avocado plantlets
535 in a nursery. Botany 2017, 95, 539-545, DOL:org/10.1139/cjb-2016-0224.

536 20. Zhou, L.S; Tang, K., Guo, S.X. The plant growth-promoting fungus (PGPF) Alternaria sp. A13
537 markedly enhances Salvia miltiorrhiza root growth and active ingredient accumulation under
538 greenhouse and field conditions. Int. . Mol. Sci. 2018, 19, 270, DOI:10.3390/ijms19010270.

539 21. Dyal, S.D.; Narine, S.S. Implications for the use of Mortierella fungi in the industrial production of
540 essential fatty acids. Food Res. Int. 2005, 38, 445-467, DOI:10.1016/j.foodres.2004.11.002.

541 22. Grantina-levina, L.; Berzina, A. N;ikolajeva, V.; Mekss, P.; Muiznieks, I. Production of fatty acids by
542 Mortierella and Umbelopsis species isolated from temperate climate soils. Environ. Exp. Biol. 2014, 12, 15—
543 27.

544 23. Nie, ZK,; Deng, Z.T.; Zhang, A.H.; Ji, X.J.; Huang, H. Efficient arachidonic acid-rich oil production by
545 Mortierella alpina through a three-stage fermentation strategy Bioprocess Biosyst. Eng. 2014, 37,505-511,
546 DOI:10.1007/s00449-013-1015-2.

547 24. Wang, L.; Chen, W.; Feng, Y.; Ren, Y.; Gu, Z. Genome characterization of the oleaginous fungus
548 Mortierella alpina. PLoS ONE 2011, 6(12): €28319, DOI:10.1371/journal.pone.0028319.

549 25. Domsch, K.H.; Gams, W.; Anderson, T.-H. Compendium of soil fungi, 2nd ed.; IHW-Verlag Eching, 2007;
550 1-672; ISBN 0122204026.

551 26. Skirgielto, A.; Zadara; M.; Lawrynowicz; M., Fungi, PWN, Warsaw, Poland, 1979.

552 27. Watanabe, T. Pictorial atlas of soil fungi and seed fungi. Morphologies of cultured fungi and key to species, 3rd
553 ed.; CRC Press, Tayloré& Francis group, 2010. ISBN 9781439804193 - CAT# K10231.

554 28. Wagner, L.; Stielow, B.; Hoffmann, K.; Petkovits, T.; Papp, T.; Vagvolgyi, C.; de Hoog, G.S.; Verkley,
555 G.; Voigt, K., Persoonia A comprehensive molecular phylogeny of the Mortierellales
556 (Mortierellomycotina) based on nuclear ribosomal DNA. 2013, 30, 77-93,
557 DOT:org/10.3767/003158513X666268.

558 29. Del Frate, G.; Caretta, G. Fungi isolated from Antarctic material. Polar Biol. 1990, 11, 1-7. DOIL:
559 10.1007/BF00236515, DOI:10.1111/j.1469-8137.2011.03707 .x.

560 30. Briickner, B. Regulation of gibberellin formation by the fungus Gibberella fujikuroi, In: Secondary
561 Metabolites: Their Function and Evolution, Chadwick, D.]., Whelan, J. Eds.; Ciba Foundation Symposium,
562 Wiley, Chichester, 1992, 171, 129-143.

563 31. Mosa, W.F.A.E.-G.; Sas-Paszt, L.; Frac, M.; Trzcinski, P. Microbial Products and Biofertilizers in
564 Improving Growth and Productivity of Apple — a Review. Pol. ]. Microbiol. 2016, 65, 243-251,
565 DOI:10.5604/17331331.1215599.

566 32. Wani, Z.A; Kumar, A.; Sultan, P.; Bindu, K,; Riyaz-Ul Hassan, S.; Ashraf, N. Mortierella alpina CS10E4,
567 an oleaginous fungal endophyte of Crocus sativus L. enhances apocarotenoid biosynthesis and stress
568 tolerance in the host plant. Sci. Rep. 2017, 7, 8598, DOI:10.1038/541598-017-08974-z.

569 33. Zhang, H.; Wu, X,; Li, G.; Qin, P. Interactions between arbuscular mycorrhizal fungi and phosphate-
570 solubilizing fungus (Mortierella sp.) and their effects on Kostelelzkya virginica growth and enzyme
571 activities of rhizosphere and bulk soils at different salinities. Biol. Fertil. Soils. 2011, 47, 543-554,
572 DOI:10.1007/s00374-011-0563-3.

573 34. Ul Hassan, T.; Bano, A. The stimulatory effects of L-tryptophan and plant growth promoting

574 rhizobacteria (PGPR) on soil health and physiology of wheat. J. Soil Sci. Plant Nutr. 2015, 15, 190-201.


http://dx.doi.org/10.20944/preprints201809.0298.v1
http://dx.doi.org/10.3390/ijms19103218

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2018 d0i:10.20944/preprints201809.0298.v1

575 35. Quiroz-Villareal, S.; Hernandez, N.Z.; Luna-Romero, I.; Amora-Lazcano, E.; Rodriguez-Dorantes, A.

576 Assessment of plant growth promotion by rhizobacteria supplied with tryptophan as phytohormone

577 production elicitor on Axonopus affinis. Agri. Sci. Res. ]. 2012, 2, 574-580.

578 36. Maor, R.; Haskin, S.; Levi-Kedmi, H.; Sharon, A. In planta production of indole-3-acetic acid by

579 Colletotrichum gloeosporioides f. sp. aeschynomene. Appl. Environ. Microb. 2004, 70, 1852-1854,

580 DOI:10.1128/AEM.70.3.1852-1854.2004.

581 37. Robinson, M.; Riov, J.; Sharon, A. Indole-3-acetic acid biosynthesis in Colletotrichum gloeosporioides f. sp.

582 aeschynomene. Appl. Environ. Microbiol. 1998, 64, 5030-5032.

583 38. Li, F,; Chen, L.; Redmile-Gordon, M.; Zhang, J.; Zhang, C.; Ning, Q.; Li, W. Mortierella elongata's roles

584 in organic agriculture and crop growth promotion in a mineral soil. Land. Degrad. Dev. 2018,

585 DOl:org/10.1002/1dr.2965.

586 39. Bottini, R,; Cassan, F.; Piccoli, P. Gibberellin production by bacteria and its involvement in plant

587 growth promotion and yield increase. Appl. Microbiol. Biotechnol. 2004, 65, 497-503, DOI:10.1007/s00253-

588 004-1696-1

590 40. Egamberdieva, D.; Wirth, S.J.; Alqarawi, A.A.; Abd_Allah, E.F.; Hashem, A. Phytohormones and

591 beneficial microbes: essential components for plants to balance stress and fitness. Front. Microbiol. 2017,
8:2104, DOI:10.3389/fmicb.2017.02104.

592 41. Hasan, H.A.H. Gibberellin and auxin production by plant root-fungi and their biosynthesis under

593 salinity-calcium  interaction.  Acta.  Microbiol. ~ Immunol. ~ Hung. 2002, 48, 101-106,

594 DOI:10.1556/AMicr.49.2002.1.11.

595 42. Belimov, A.A,; Dodd, 1.C,; Safronova, V.I; Shaposhnikov, A.L; Azarova, T.S.; Makarova, N.M.

596 Rhizobacteria that produce auxins and contain 1-amino-cyclopropane-1-carboxylic acid deaminase

597 decrease amino acid concentrations in the rhizosphere and improve growth and yield of well-watered

598 and water-limited potato (Solanum  tuberosum). Ann. Appl. Biol. 2015, 167, 11-25,

599 DOlL:org/10.1111/aab.12203.

600 43. Sarkar, A.; Ghosh, P.K,; Pramanik, K.; Mitra, S.; Soren, T.; Pandey, S.; Mondal, M.H.; Maiti, T.K.

601 A halotolerant Enterobacter sp. displaying ACC deaminase activity promotes rice seedling growth

602 under salt stress. Res. Microbiol. 2018,169, 20-32, DOI:10.1016/j.resmic.2017.08.005.

603 44. Davies, P.J. Plant Hormones, 2nd ed.; Physiology, Biochemistry and Molecular Biology. Kluwer

604 Academic Publishers, Dordrecht, Boston, 1995; 835.

605 45. Dash, S.; Gupta, N. Microbial bioinoculants and their role in plant growth and development. Int. |.

606 Biotechnol. Mol. Biol. Res. 2011, 2, 232-251, DOI:10.5897/]JBMBRX11.005.

607 46. Su, Y.Y,; Qi, Y.L; Cai, L. Induction of sporulation in plant pathogenic fungi. Mycology, 2012, 3, 195-

608 200, DOI:0rg/10.1080/21501203.2012.719042.

609 47. Bohacz, J.; Kornitowicz-Kowalska, T. Species diversity of keratinophilic fungi in various soil types.

610 Cent. Eur. ]. Biol. 2012, 2, 259-266, DOI:10.2478/s11535-012-0008-5.

611 48. White, T.].; Bruns, T.; Lee, S.; Taylor, W. Amplification and direct sequencing of fungal ribosomal RNA

612 genes for phylogenetics. In: PCR protocols: guide to methods and applications. Innis, M., Gelfand, D., Eds.;

613 Academic Press, Orlando, Florida. 1990; 38, 315-322.

614 49. Alef, K.; Nannipieri P. Methods in applied soil microbiology and biochemistry, Academic Press, NY in USA,

615 1995; ISBN: 9780125138406.

616 50. Glickmann, E.; Dessaux, Y. A critical examination of the specificity of the Salkowski reagent for indolic

617 compounds produced by phytopathogenic bacteria. Appl. Environ. Microbiol. 1995, 61, 793-796.

618 51. Pilet, P.E.; Chollet, R. Colorimetric determination of indole-3-acetic acid. C. R. Acad. Sci. Ser. D 1970,

619 271, 1675-1678.

620 52. Briickner, B.; Blechschmidt, D.; Recknagel, R.D. Optimalization of nutrient medium for biosynthesis

621 of gibberellic acid. ]. Basic Microb. 1991, 31: 243-250, DOIL:org/10.1002/jobm.3620310402.

622 53. Bradford, M. Rapid and sensitive method for the quantification of microgram quantities of protein

623 utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254.

624 54. Jaroszuk-Sciset, ].; Kurek, E. Hydrolysis of fungal and plant cell walls by enzymatic complexes from

625 cultures of Fsariumu isolates with different aggressiveness to rye (Secale cereale). Arch. Microbiol. 2012,

626 194, 653-665, DOI:10.1007/s00203-012-0803-4.


http://dx.doi.org/10.20944/preprints201809.0298.v1
http://dx.doi.org/10.3390/ijms19103218

