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Abstract 37 

 38 

It is known that some microorganisms can enhance plant development. However, the 39 

use of yeasts as growth-promoting agents has been poorly investigated. The aim of 40 

this study was the characterisation of a collection of 69 yeast strains isolated from 41 

Spanish vineyards. Phytobeneficial attributes such as solubilisation of nutrients, 42 

synthesis of active biomolecules and cell wall-degrading enzyme production were 43 

analysed. Strains that revealed multiple growth-promoting characteristics were 44 

identified. The in vitro co-culture of Nicotiana benthamiana with yeast isolates showed 45 

enhancement of plant growth in 10 strains (up to 5-fold higher shoot dry weight in the 46 

case of H. pseudoburtonii Hp-54), indicating a beneficial direct yeast-plant interaction. 47 

In addition, 18 out of the 69 strains increased dry weight and the number of roots per 48 

seedling when tobacco seeds were inoculated. Two of these, Pichia dianae Pd-2 and 49 

M. guilliermondii Mg-11, also increased the chlorophyll content. The results in tobacco 50 

were mostly reproduced in lettuce with these two strains, which demonstrates that the 51 

effect of the yeast-plant interaction is not species-specific. In addition, the yeast 52 

collection was evaluated in maize seedlings grown in soil in a phytotron. Three 53 

isolates (Debaryomyces hansenii Dh-67, Lachancea thermotolerans Lt-69 and 54 

Saccharomyces cerevisiae Sc-6) promoted seedling development (increases of 10 % 55 

in dry weight and chlorophyll content). In conclusion, our data confirm that several 56 

yeast strains can promote plant growth and could be considered for the development 57 

of biological fertiliser treatments. 58 

 59 

 60 
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1. Introduction 73 
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 74 

Worldwide agricultural food production needs to be boosted in order to feed a growing 75 

population. Sustainable and cost-effective crop farming is a global challenge that has 76 

drawn increasing attention among scientists, policy makers and industry (Seufert et 77 

al., 2012; Wezel et al., 2014). Although efforts have been made to mitigate declining 78 

mineral nutrient reserves, the over-use of mineral fertilisers remains a serious 79 

problem (Kahiluoto et al., 2014). Hence, the production of biofertilisers based on 80 

microorganisms is gaining increasing attention owing to the negative impacts of 81 

chemical-based fertilisers and the growing awareness of the association between 82 

microorganisms and plants (Berg et al., 2016; Uroz et al., 2019). Furthermore, as the 83 

use of biofertilisers is mandatory in organic farming and the implementation of 84 

regulatory policies by various governments is increasing, this market is experiencing 85 

strong growth (more than 1.8 billion US$ in 2018, growing at a compound annual 86 

growth rate of around 14.3% during 2011-2018). Europe, followed by North America, 87 

is the largest market for biofertilisers and together account for more than 50% of global 88 

revenue (Biofertilizer Market Report 2019; 89 

https://www.researchandmarkets.com/reports/4775814/biofertilizer-market-global-90 

industry-trends). The current situation has motivated scientists to investigate 91 

microorganisms that exhibit plant growth-promoting (PGP) traits and explore the 92 

numerous mutualistic interactions between plant roots and the microbiome.  93 

In addition to the microorganisms present in the soil, several microbial species, such 94 

as filamentous fungi, yeasts, bacteria, algae or protozoa can be isolated from surfaces 95 

and inner parts of the plant (Berendsen et al., 2012; Lindow and Brandl, 2003). Plant-96 

associated microorganisms fulfil different functions in plant development, such as 97 

stimulating plant growth or increasing resistance to biotic and abiotic stresses 98 

(Berendsen et al., 2012; Lindow and Brandl, 2003). PGP microorganisms facilitate 99 

plant growth through different mechanisms: nitrogen fixation, production of plant 100 

hormones such as indole-3-acetic acid (IAA), enhanced nutrient uptake, solubilisation 101 

of inorganic minerals, iron chelation, ammonia (NH3) production or direct competition 102 

with other pathogenic microorganisms (Arora et al., 2013; El-Tarabily and 103 

Sivasithamparam, 2006). To date, rhizobacteria are the most studied PGP microbes 104 

(Gouda et al., 2018) and research has resulted in multifunctional formulations for 105 

commercial agriculture (Backer et al., 2018; García-Fraile et al., 2015). However, 106 

usage of PGP rhizobacteria remains controversial due to the variability in their 107 

performance, which is probably subject to environmental factors that affect their 108 

growth and proliferation in the plant (Backer et al., 2018; Gouda et al., 2018).  109 

Yeasts are unicellular fungi that occur naturally in soil and plants, but in a lower 110 

proportion compared to bacteria and filamentous fungi (Yurkov, 2018). The role 111 
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played by yeasts in agricultural ecosystems is not completely understood and 112 

research on these microorganisms as PGP agents is scarce (Amprayn et al., 2012; 113 

Barbieri and Galli, 1993; Botha, 2011; de Souza et al., 2019; Fu et al., 2016). 114 

However, a diversity of studies indicates that plant growth may be directly or indirectly 115 

enhanced by yeasts, being described as potential biofertilisers. The promoting effect 116 

of yeasts could be due to the active substances produced (phytohormones, amino 117 

acids, vitamins or NH3), solubilisation of inorganic phosphate or zinc, iron capture 118 

through siderophores and restriction of pathogen colonisation (Amprayn et al., 2012; 119 

Cloete et al., 2009; de Souza et al., 2019; El-Tarabily and Sivasithamparam, 2006; 120 

Freimoser et al., 2019; Nassar et al., 2005). For example, some species of Candida, 121 

Rhodotorula, Saccharomyces, Geotrichum and Williopsis are able to nitrify 122 

ammonium to nitrate (Al-Falih, 2006). Candida spp., Hanseniaspora uvarum, 123 

Meyerozyma caribbica, Saccharomyces cerevisiae or Torulaspora spp. among 124 

others, have been described as producing IAA and some of them also synthesise 125 

siderophores, catalase, NH3 and cell wall-degrading enzymes (de Souza et al., 2019; 126 

Freimoser et al., 2019; Fu et al., 2016; Nutaratat et al., 2014; Sun et al., 2014).  127 

Although most studies on yeast growth-enhancing capacity to date have been 128 

conducted in vitro, the effectiveness of field applications has also been demonstrated. 129 

Nakayan et al. (2013) reported that Meyerozyma guilliermondii CC1 increased the 130 

seed vigour index in maize and Chinese cabbage, and applications combined with a 131 

half dose of chemical fertiliser significantly improved the dry weight and nutrient 132 

uptake of maize and lettuce under greenhouse conditions. Amprayn et al. (2012) 133 

showed that Candida tropicalis CtHY inoculated on rice seedlings rapidly colonised 134 

the roots, increasing plant dry weight up to 35% compared to non-inoculated control 135 

seedlings. These results validated the inclusion of this strain in the commercial 136 

biofertiliser product BioGro (Hien et al., 2014).  137 

The soil and plant ecosystem of vineyards (Vitis vinifera L.) offers a complex 138 

environment that is the source of a vastly diverse pool of filamentous fungi, yeast and 139 

bacteria. These play a coordinated role in impacting on the sanitary state of grapes 140 

and can have a direct influence on the winemaking process and, therefore, on wine 141 

quality (Setati et al., 2012). In this context, the relevance of isolation and 142 

characterisation of local microbial strains as a valuable source of biodiversity and 143 

agronomic potential must be emphasised. 144 

The objective of this study was the characterisation of local yeast strains of Spanish 145 

vineyards and their screening for the presence of PGP traits. The ultimate goal of this 146 

research would be to find indigenous adapted yeast strains that could have growth-147 

promoting effects for future use, not only in local vineyards but also in other crops of 148 

agronomic interest. As a first approach, an evaluation of the effects of isolated yeasts 149 
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on the development of seedlings of several species was made, both in vitro and in 150 

vivo. 151 

 152 

 153 

2. Materials and methods 154 

 155 

2.1. Yeast maintenance  156 

 157 

A collection of 69 yeast strains (Table 1) isolated from grapes collected in Spanish 158 

vineyards by the Lev2050 company (https://lev2050.com/) was preserved at -80 ºC. 159 

For solid culture, yeasts were plated onto YMA medium containing (g L-1) malt extract 160 

3.0, yeast extract 3.0, peptone 4.0, dextrose 10.0 and bacto agar 20.0 at pH 6.8. For 161 

liquid culture YPD broth was used, containing (g L-1) yeast extract 10.0, peptone 20.0 162 

and dextrose 20.0 at pH 6.8. Flasks were incubated on a rotary shaker at 150 rpm 163 

and 28 ºC. 164 

 165 

2.2. Solubilisation of nutrients: phosphate and zinc oxide solubilisation assay 166 

 167 

All yeast isolates were examined for phosphate solubilisation of tri-calcium 168 

diphosphate. Petri dishes were used with 20 mL of modified Pikovskaya medium 169 

(based on Hashem and Metwally, 2014) containing (g L-1) glucose 10.0, Ca3(PO4)2 170 

5.0, (NH4)2SO4 0.5, KCl 0.2, MgSO4.7H2O 0.1, KCl 0.2 and yeast extract 0.5. The pH 171 

was adjusted to 6.8 before autoclaving. In each agar plate 5 l of 108 CFU mL-1 yeast 172 

cultures (two days at 28 ºC in YPD medium at 150 rpm) were transferred as triplicate 173 

spots and incubated at 28 ºC for seven days. Positive results were observed as 174 

lighter-colour halos around the colonies. Solubilisation efficiency (SE) was calculated 175 

as (Colony diameter + Halo zone diameter)/Colony diameter.  176 

In a similar way, to evaluate the zinc solubilising ability, yeasts were plated onto the 177 

same media as the phosphate solubilisation assay but using ZnO 1.0 g L-1 instead of 178 

Ca3(PO4)2 and incubated at 28ºC for five days. As described by Fu et al., 2016, the 179 

clearing zone around the colonies was measured and SE calculated. 180 

 181 

2.3. Production of biomolecules 182 

 183 

2.3.1. In vitro screening for IAA production 184 

Yeast inoculum was prepared on YPD broth amended with or without 0.1% (w/v) L-185 

tryptophan (L-Trp) at pH 6.8 (Fu et al., 2016). Culture flasks were incubated in the 186 

dark on an orbital shaker at 150 rpm and 28 ºC for seven days. Because it is known 187 
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that IAA production amounts vary during the culture period (Oliveira et al., 2019), 1 188 

mL samples were collected at three, five and seven days of culture for quantitative 189 

colorimetric analysis of IAA. After 5 min centrifugation at 7,000 g, the supernatants 190 

(100 L) were transferred into 96-well microplates with each well receiving 100 L of 191 

Salkowsky reagent (49 mL 35% perchloric acid and 1 mL 0.5 M FeCl3.6H2O; Gordon 192 

and Weber, 1951) and incubated at room temperature while protected from light for 193 

30 min for colour development. Absorbance was measured in triplicate at 540 nm 194 

wavelength. A calibration curve (0-100 g mL-1) was established in the same 195 

microplate using commercial IAA for calculation of concentration. IAA levels were 196 

expressed as µg mg-1 of dry yeast (yeasts were dried in an oven at 65 ºC until constant 197 

weight). The maximum level among seven days was chosen for each strain. 198 

 199 

2.3.2. Siderophore production assay 200 

A modified chrome azurol S (CAS) assay (Milagres et al., 1999) was used to test the 201 

ability of yeast isolates to produce siderophores in solid medium. YMA plates were 202 

prepared and half of the solidified medium was cut and replaced with CAS blue agar. 203 

The yeast isolates were inoculated in triplicate (5 l of a 108 CFU mL-1 culture) onto 204 

YMA half way towards the border with the CAS blue agar and plates were incubated 205 

in the dark at 28°C for ten days. The presence of siderophores was determined by an 206 

advancing colour change in the CAS blue agar starting from the borderline between 207 

the two halves. 208 

 209 

2.3.3. Catalase test 210 

Five L of a 108 CFU mL-1 yeast culture were transferred as spots by triplicate onto 211 

YMA plates and grown at 28 ºC for three days. Fifty L of 3% hydrogen peroxide were 212 

added directly over each colony to determine oxygen production (based on Fu et al., 213 

2016). The development of oxygen bubbles was indicative of a positive result. A visual 214 

comparison was made for all yeast strains. 215 

 216 

2.3.4. NH3 production 217 

Production of NH3 by the yeast isolates was tested in peptone water containing (g L-218 

1) peptone 10.0 and NaCl 5.0. The pH was adjusted to 6.8 before autoclaving. Yeast 219 

inoculum (100 μL of 108 CFU mL-1 culture) of each strain was transferred by triplicate 220 

to a tube containing 5 mL of peptone water and incubated on a rotary shaker at 28 °C 221 

for five days. One mL aliquots (adjusted at 105 CFU mL-1) were centrifuged at 10,000 222 

g for 5 min and 100 L of Nessler´s reagent was added to the supernatant. The 223 

development of a yellow-to-brown colour was indicative of a positive result for NH3 224 
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production (Cappuccino and Sherman, 2002). A visual comparison was made for all 225 

yeast strains. 226 

 227 

2.4. Extracellular lytic enzymes activity  228 

 229 

Five L of a 108 CFU mL-1 yeast culture were plated onto different media in triplicate. 230 

Chitinolytic and -1,3-glucanase activity were determined by a clear zone on modified 231 

YPD medium containing (g L-1) yeast extract 10.0, peptone 20.0, glucose 2.0, bacto 232 

agar 15.0 and colloidal chitin 5.0 or yeast -glucan 2.0 at pH 5.5. The plates were 233 

incubated for three days at 28 ºC. Colonies showing a clear halo by Congo Red 234 

staining (Teather and Wood, 1982) were identified as positive. 235 

Extracellular production of proteases was assayed on YMA plates supplemented with 236 

3% skimmed milk powder (based on  Cattelan et al., 1999). After five days at 28 ºC, 237 

a clear zone around the yeast colony demonstrated protease degradation activity 238 

(DA), which was calculated as (Colony diameter + Halo zone diameter)/Colony 239 

diameter. 240 

Cellulase activity was screened in plates with carboxymethylcellulose as substrate 241 

containing (g L-1) KH2PO4 0.5, MgSO4.7H2O 0.1, NaCl 0.2, CaCl2.2H2O 0.2, 242 

FeCl3.6H2O 0.01, carboxymethylcellulose 4.0, and bacto-agar 12.0 at pH 5.5. The 243 

plates were incubated for seven days at 28 ºC. Cellulase activity was identified as 244 

positive when a clear halo appeared around the colony after staining with Lugol’s 245 

iodine solution and DA was calculated (Kasana et al., 2008). 246 

Pectinase activity was determined in citrus pectin agar medium (slightly modified from 247 

Merín et al., 2011) containing (g L-1) peptone 20.0, yeast extract 10.0, citrus pectin 248 

10.0, and bacto agar 20.0 at pH 5.5. The plates were incubated at 28 ºC for five days. 249 

The colonies were rinsed off with distilled water before staining with Lugol’s iodine 250 

solution. Colonies showing a clear halo were identified as positive and DA was 251 

calculated.  252 

 253 

2.5. Assessment of growth promotion of Nicotiana benthamiana seedlings in co-254 

culture with yeasts under in vitro conditions 255 

 256 

Nicotiana benthamiana seeds were surface sterilised using 1% (v/v) sodium 257 

hypochlorite solution with 0.1% (v/v) Tween 20 for 30 min and washed five times with 258 

sterilised water. The seeds were sown on quarter-strength Murashige and Skoog 259 

(MS) mineral salts and vitamins (Murashige and Skoog, 1962) supplemented with 1% 260 

(w/v) sucrose (pH 5.7) and solidified with 0.5% (w/v) agar. After seven days of culture 261 

at 21 ºC and 16 h light at 70 mol m-2 s-1, four seedlings per plate and six plates per 262 
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strain were co-cultured with yeasts in 8.5 cm Petri dishes containing the same 263 

modified MS medium gelified with 1.5% (w/v) agar. Seedlings were placed on the 264 

upper half of each Petri dish and the bottom half was inoculated with a pipette by 265 

streaking 30 L of a 108 CFU mL-1 yeast culture (Fu et al., 2016). Plates were placed 266 

vertically in a growth chamber for an additional three weeks. Negative control 267 

treatments without yeasts were performed in parallel. The dry weight of aerial and 268 

root parts of the plants were quantified after drying plant material to a constant weight 269 

in a ventilated oven at 60 ºC. Samples were pooled due to low weight of individual 270 

seedlings. The experiment was performed twice. 271 

 272 

2.6. Seed bioassay 273 

 274 

Nicotiana tabacum (cv. Petite Havana) and Lactuca sativa (cv. Batavia) seeds were 275 

surface sterilised with 1% sodium hypochlorite-0.1% (v/v) Tween 20 solution for 30 276 

min and washed five times with sterile water. Twenty seeds were spread out on one 277 

sheet of filter paper (moistened with 2 mL of sterilised tap water) inside a water-agar 278 

Petri plate (Amprayn et al., 2012; Verma et al., 2019) and two plates were seeded per 279 

yeast strain. The experiment was performed twice (tobacco) or three times (lettuce). 280 

The inoculum (108 CFU mL-1) of the different yeast strains was taken from a two-day 281 

yeast YPD culture suspension (28 ºC and 150 rpm). Prior to inoculation, 2 mL of the 282 

yeast cultures were pelleted by centrifugation (10,000 g 10 min), washed twice, 283 

resuspended in 1 mL of sterile water and poured onto the plate over the seeds. For 284 

negative controls, seeds received 1 mL of water. Seeds were incubated at 28 ºC and 285 

16 h light at 200 mol m-2 s-1 for 15 days. Germination was considered to have 286 

occurred when the radicles were >2 mm. The germination percentage was recorded 287 

every 24 h for five days. Percentage and precocity of seed germination, dry weight, 288 

primary root length and numbers of secondary roots (> 0.5 cm) were measured. 289 

Chlorophylls were extracted with acetone. Samples (0.1 g leaf material with 8 mL 80% 290 

acetone) were homogenised and centrifuged at 18,000 g for 10 min at 4 ºC. The 291 

amount of chlorophyll a and b was measured spectrophotometrically and calculated 292 

according to Lichtenthaler (1987). Samples for dry weight and chlorophyll content 293 

were pooled due to low weight of individual seedlings. To assess the survival of the 294 

yeasts on the roots, at the end of the cultivation period some seedlings were placed 295 

directly on top of the YMA medium. The yeast growth on the plate after two days at 296 

28 ºC was observed. 297 

 298 

2.7. Assaying promotion of in vitro maize growth by yeasts 299 

 300 
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A phytotron experiment was carried out with the maize cv. Julliet. Seeds were surface 301 

sterilised with 70% ethanol, washed once with sterile water followed by application of 302 

1% sodium hypochlorite-0.1% (v/v) Tween 20 solution for 30 min and washed again 303 

five times with sterile water. Seeds were pre-germinated in a closed paper tray onto 304 

sterile moist paper towels at 28 ºC in the dark for three days to obtain uniform 305 

seedlings. Visual selection was made to ensure homogeneity among germinated 306 

seedlings (roots were about 15 mm and hypocotyl 10 mm long). One seedling was 307 

placed per glass tube (15 x 2.5 cm) filled with 6 g of sterilised peat:perlite (3:1) and 308 

covered with another 2 g of substrate. Twenty to 40 replicates per yeast were 309 

assayed. The experiment was repeated twice. 310 

Yeast inoculum was prepared on YPD broth at pH 6.8 and incubated in the dark on 311 

an orbital shaker at 150 rpm and 28 ºC for two days. Cultures were collected by 312 

centrifugation for 5 min at 3,000 g and pellets were resuspended in the same volume 313 

of sterile water. The concentration of the inoculum was measured and adjusted to 108 314 

CFU mL-1. Each maize seedling received 3 mL of yeast solution after watering with 315 

13 mL of sterile water. Control seedlings received an additional 3 mL of water instead 316 

of yeast. Plants were placed in a phytotron at 28 ºC, 16 h light and 200 mol m-2 s-1 317 

for 15 days. Plants were watered with 13 mL of sterile water every five days. At the 318 

end of the 15-day culture period chlorophyll was measured in the central part of the 319 

3rd leaf (SPAD-502 Plus, Konica-Minolta). The length of the most expanded leaf and 320 

the fresh/dry weight of the shoots or roots after washing off the substrate were used 321 

to measure the effects of yeasts on plant growth. To assess yeast survival on the 322 

roots at the end of the cultivation period, 1 cm root fragments were taken, washed 323 

three times with distilled water and placed directly on YMA medium. Live yeasts were 324 

able to grow on the plate after two days at 28 ºC. 325 

 326 

2.8. Statistical analysis 327 

 328 

The numerical data are presented as the arithmetic mean and standard deviation. 329 

The significance of differences among the treatments was statistically evaluated by t-330 

tests and one-way ANOVA with Tukey’s pairwise comparison as post hoc test for 331 

multiple comparisons (p<0.05). Homogeneity of variance was calculated by Levene’s 332 

test. Pearson’s correlation test was performed to measure the strength of 333 

associations. All calculations were performed with SPSS.24 software. 334 

 335 

 336 

3. Results 337 

 338 
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A subset of 69 strains from a collection of yeasts naturally occurring in Spanish 339 

vineyard environments was selected (Table 1), representing a broad taxonomic 340 

diversity from a collection that originated from grape samples. Sixty-six isolates were 341 

classified as Ascomycota and three as Basidiomycota (Rhodotorula spp.), grouped 342 

into 13 genera and 30 species. 343 

 344 

3.1. Analysis of plant growth-promoting traits 345 

 346 

3.1.1. Solubilisation of nutrients: phosphate and zinc solubilisation capacity 347 

Phosphorous in soil may be chemically fixed with other metal cations and its 348 

availability is usually limited. In this study, 33 out of 69 yeast strains exhibited in vitro 349 

tri-calcium diphosphate solubilising ability (Table 1), revealing different diameters of 350 

the clear solubilisation zones (Sup. Fig.S1). The strongest solubilising efficiency (SE) 351 

was recorded in Lachancea thermotolerans (5 strains out of 7 with SE> 2 and the 352 

maximum, strain Lt-47, with SE= 2.56). All Saccharomyces spp. and Hanseniaspora 353 

uvarum strains exhibited phosphate solubilisation ability. No strains of the genera 354 

Debaryomyces, Issatchenkia, Meyerozyma, Rhodotorula and Torulaspora showed 355 

any solubilisation capacity.  356 

Nevertheless, all isolates exhibited ZnO solubilising activity to some extent, with 357 

Candida pimensis Cpi-27 being the strain with the maximum capacity (SE=6.25), 358 

followed by C. apicola Ca-40 (SE=5.83).  359 

 360 
 361 
3.1.2. Production of biomolecules: IAA, siderophores, catalase and NH3  362 

IAA production 363 

IAA production by yeasts was tested with or without L-Trp as a biochemical precursor 364 

to compare synthesis in a Trp-dependent or independent pathway (Table 1). IAA 365 

production was generally higher in the presence of 0.1% L-Trp, ranging from 0.13 to 366 

27.83 g mg-1 DW produced by Meyerozyma guilliermondii Mg-62, which was the 367 

highest IAA producer (Sup. Table S1). Other high IAA-producers were C. zemplinina 368 

strains Cz-37, 41 and 68, C. pimensis Cpi-27, L. lanzarotensis Ll-21 and 43, and R. 369 

mucilaginosa Rm-8. Some of these strains increased the IAA production capacity by 370 

up to 57-fold (Ll-21) in the presence of L-Trp in the culture media. Three isolates 371 

produced significantly higher IAA levels (C. oleophila Co-13, L. thermotolerans Lt-60 372 

and Saccharomyces cerevisiae Sc-44) and 41 isolates produced lower IAA content in 373 

the absence of exogenous L-Trp. The maximum amount of IAA produced without L-374 

Trp was 11.12 g mg-1 DW by L. thermotolerans Lt-60 (Sup. Table S1), which 375 

surprisingly produced 9 times more IAA in the absence of L-Trp than when it was 376 

present. Without L-Trp, two isolates did not produce any measurable IAA (H. uvarum 377 
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Hu-19 and L. thermotolerans Lt-7). Only one strain, L. thermotolerans Lt-7, produced 378 

no measurable IAA under any growing condition. The level of IAA produced within a 379 

given species was strain-dependent, as can be observed in C. zemplinina or M. 380 

guilliermondii isolates, for example. 381 

 382 

Siderophores 383 

Siderophores are high-affinity iron-chelating compounds secreted by many 384 

microorganisms. CAS medium agar plates were used to detect the presence of 385 

siderophores when the blue colour turns to orange (Sup. Fig. S1). Fifty-three isolates 386 

showed positive results for siderophore production (Table 1) and all Rhodotorula spp. 387 

and Metschnikowia pulcherrima strains exhibited the highest producing capacity. 388 

 389 

Catalase 390 

Catalase is an enzyme that catalyses the decomposition of hydrogen peroxide to 391 

water and oxygen, being important in microorganisms for resistance to damage 392 

(Freimoser et al., 2019; Kaushal et al., 2018). In this study it was produced by all yeast 393 

isolates tested (Table 1 and Sup. Fig. S1). The highest oxygen production was 394 

observed in H. pseudoburtonii Hp-54, C. oleophila Co-65, all strains of Pichia 395 

fermentans, and two out of the three strains of I. terricola (It-34 and 56). However, 396 

other genera like Debaryomyces, Lachancea, Meyerozyma, Saccharomyces and 397 

Torulaspora showed low oxygen production. 398 

 399 

NH3 400 

In this study 39 strains exhibited NH3-producing abilities (Table 1 and Sup. Fig. S1), 401 

with L. lanzarotiensis Ll-21, M. caribbica Mc-52, R. mucilaginosa Rm-8 and all M. 402 

guilliermondii strains having the highest production. Some variability was observed in 403 

the rest of the strains even though they belonged to the same species. 404 

 405 

3.1.3. Cell wall-degrading enzyme production 406 

Yeasts were investigated for their ability to synthesise some fungal cell wall-degrading 407 

hydrolytic enzymes (Table 1 and Sup. Fig. S1). In fungi, the cell wall consists basically 408 

of chitin, -1,3-glucan and some proteins (Latgé, 2007), therefore extracellular 409 

chitinase, -1,3-glucanase and protease activities were detected by clearing zones in 410 

agar plates in the presence of appropriate substrates. All isolates of C. lusitaniae, 411 

Debaryomyces spp., M. pulcherrima, Meyerozyma spp. and Rhodotorula spp. were 412 

highly active. In contrast, none of the strains of C. apicola, H. uvarum, L. lanzarotensis 413 

and P. fermentans produced detectable chitinase or -1,3-glucanase activity. 414 
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Protease activity was also species-dependent, with R. glutinis Rg-10 and M. 415 

pulcherrima Mp-23 having the highest activity. However, Meyerozyma spp. and most 416 

of the Lachancea spp. did not show protease activity. 417 

Cellulase activity was measured because the cell walls of some important plant 418 

pathogens (Oomycetes) contain cellulose (Clavaud et al., 2009). Cellulase activity 419 

was present in 24 isolates. C. apicola Ca-40 and L. thermotolerans Lt-7 exhibited the 420 

strongest activity. 421 

Pectinase activity was also studied in all isolated strains because it can be related to 422 

the plant biomass degradation ability. Pectinases comprise several enzymes that 423 

promote the natural degradation of pectins, which are polysaccharides present in 424 

plant cell walls (Merín et al., 2015). Sixty-three strains had some kind of pectinolytic 425 

activity in solid medium containing citrus pectin, but only four of them had a DA> 1.5 426 

(R. glutinis Rg-10, L. lanzarotensis Ll-21, L. thermotolerans Lt-7 and Lt-29), which is 427 

considered a very good level of pectinase production (Kabir and Tasmim, 2019). 428 

 429 
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Table 1. Plant growth-promoting traits of yeasts isolated from grapes of Vitis vinifera. 430 

Solubilisation 
efficiency of 

minerals  
IAA 

production  
Biomolecule 
production  

Cell wall-degrading 
enzyme production  

In vitro 
plant tests 

 431 

Strains  

TCP 
(SE) 

ZnO 
(SE) 

w/o 
L-Trp 

with 
0,1% L-Trp 

Siderophores 
(CAS agar) 

Catalase 
test 

         
NH3

Chitinase
 

-1,3-
Glucanase

Protease 
(DA) 

Cellulase 
(DA) 

Pectinase 
(DA) 

Nicotiana 
benthamiana

 co-culture 

Tobacco 
seedling 

promotion 
Ca-12 Candida apicola 1.13 3.13 1.00 ( ± 0.55 ) 0.97 ( ± 0.03 ) - + - - - 1.10 - 1.14 N - 
Ca-40  1.24 5.83 0.38 ( ± 0.02 ) 1.80 ( ± 0.08 ) * - + - - - 1.18 2.56 - <C - 
Ci-3 Candida intermedia - 2.13 2.62 ( ± 0.15 ) 3.40 ( ± 0.26 )  ++ +++ ++ +++ ++++ - - - N - 
Cl-14 Candida lusitaniae - 1.88 1.11 ( ± 0.03 ) 3.92 ( ± 0.07 )* + + ++ +++ ++++ - - 1.11 N - 
Cl-28  - 1.86 0.68 ( ± 0.11 ) 1.64 ( ± 0.04 ) * + + ++ +++ ++++ - - 1.06 <C - 
Cl-66  - 1.71 3.76 ( ± 0.10 ) 4.54 ( ± 0.05 ) * + + ++ ++++ ++++ - - 1.06 N - 
Co-13 Candida oleophila - 1.67 0.91 ( ± 0.03 ) * - + ++ - +++ ++ - - 1.22 =C - 
Co-65  - 2.56 2.27 ( ± 0.34 ) 1.73 ( ± 0.09 ) ++ ++++ + + +++ 1.68 1.20 - =C - 
Cp-18 Candida parapsilosis - 2.33 0.57 ( ± 0.01 ) 0.77 ( ± 0.14 )  ++ + ++ ++ ++ - - 1.12 >C,SR - 
Cpi-27 Candida pimensis - 6.25 5.10 ( ± 0.15 ) 10.88 ( ± 0.25 ) * + + - +++ ++++ 1.80 1.20 1.13 N - 
Cr-26 Candida railenensis - 1.50 1.21 ( ± 0.01 ) 2.26 ( ± 0.02 ) * + +++ + +++ ++ - - 1.11 <C - 
Cv-15 Candida vanderwaltii - 2.50 0.08 ( ± 0.03 ) 3.61 ( ± 0.06 ) * + + + + + 1.17 - 1.13 >C - 
Cz-37 Candida zemplinina 1.44 3.50 0.94 ( ± 0.10 ) 20.92 ( ± 5.13 ) * + + - - - 1.13 - 1.08 N + 
Cz-41  1.14 1.83 5.83 ( ± 0.49 ) 14.79 ( ± 0.57 ) * + + - - - - - 1.08 N - 
Cz-63  - 2.50 0.84 ( ± 0.12 ) 1.71 ( ± 0.86 ) + + + ++ + - 1.25 1.40 >C + 
Cz-68  1.25 2.67 6.34 ( ± 0.39 ) 12.61 ( ± 2.02 ) * ++ ++ - - - - - 1.08 N - 
Dh-17 Debaryomyces hansenii - 2.22 0.46 ( ± 0.02 ) 1.12 ( ± 0.04 ) * ++ + + +++ +++ 1.18 - 1.18 >C,SR - 
Dh-49  - 2.75 1.75 ( ± 0.22 ) 2.95 ( ± 0.04 ) * - + - +++ ++ - 1.38 1.47 <C + 
Dh-67  - 1.75 0.97 ( ± 0.04 ) 1.18 ( ± 0.04 )  ++ + ++ +++ ++++ 1.10 - 1.12 N - 
Dn-33 Debaryomyces nepalensis - 2.25 1.53 ( ± 0.65 ) 1.35 ( ± 0.07 ) ++ + + ++++ ++++ - - 1.11 <C - 
Hu-19 Hanseniaspora uvarum 1.53 2.40 - 2.23 ( ± 0.13 ) * ++ ++ + - - 1.19 - - >C + 
Hu-24  1.38 2.33 1.16 ( ± 0.01 ) 5.55 ( ± 0.24 ) * + + - - - 1.71 - 1.40 >C + 
Hu-25  1.32 2.17 0.25 ( ± 0.03 ) 3.82 ( ± 0.04 ) * + ++ - - - 1.19 - 1.13 =C + 
Hu-48  1.17 1.80 1.77 ( ± 0.08 ) 4.83 ( ± 0.14 ) * ++ + - - - 1.09 1.20 1.13 >C - 
Hp-54 Hyphopichia pseudoburtonii - 1.75 2.62 ( ± 0.05 ) 5.89 ( ± 0.14 ) * ++ ++++ + ++++ ++++ 1.60 - 1.10 >C - 
It-34 Issatchenkia terricola - 2.08 0.86 ( ± 0.02 ) 2.01 ( ± 0.10 ) * + ++++ - + + 1.16 - 1.14 >C - 
It-36  - 2.20 1.31 ( ± 0.09 ) 3.16 ( ± 0.05 ) * + ++ - + + 1.20 - 1.27 >C - 
It-56  - 2.00 1.75 ( ± 0.47 ) 2.89 ( ± 0.08 ) + ++++ - ++ + 1.09 - 1.43 >C + 
Ll-21 Lachancea lanzarotensis - 2.33 0.18 ( ± 0.01 ) 10.36 ( ± 0.08 ) * ++ + +++ - - - 1.75 1.50 N - 
Ll-43  - 2.00 1.65 ( ± 0.82 ) 15.14 ( ± 0.46 ) * - ++ - - - - 1.38 1.17 <C - 
Lt-7 Lachancea thermotolerans 1.67 2.00 - - + + + ++ + - 2.25 1.57 <C - 
Lt-29  1.90 2.60 0.68 ( ± 0.23 ) 1.40 ( ± 0.32 )  + + + + + - 2.00 1.64 <C - 
Lt-42  2.30 2.20 0.62 ( ± 0.03 ) 1.04 ( ± 0.16 ) + + + +++ + - - 1.13 N - 
Lt-47  2.56 2.00 0.77 ( ± 0.08 ) 1.25 ( ± 0.3 ) + + ++ +++ +++ - 1.13 1.29 <C + 
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Lt-60 Lachancea thermotolerans 2.48 2.50 11.12 ( ± 0.10 ) * 1.93 ( ± 0.03 )  + + + +++ ++ - 1.50 1.31 <C - 
Lt-61  2.52 2.67 0.11 ( ± 0.04 ) 0.18 ( ± 0.03 ) + + ++ +++ + 1.16 - 1.21 <C - 
Lt-69  2.22 2.17 0.12 ( ± 0.01 ) 0.45 ( ± 0.16 )  - + ++ +++ + - 1.50 1.29 <C - 
Mp-16 Metschnikowia pulcherrima 1.43 2.25 1.92 ( ± 0.97 ) 2.73 ( ± 0.15 ) +++ ++ ++ ++++ ++++ 1.46 - 1.13 >C,SR - 
Mp-22  1.22 1.89 1.86 ( ± 1.06 ) 3.68 ( ± 0.15 ) +++ ++ ++ ++++ ++++ - 1.10 1.13 <C - 
Mp-23  1.26 1.67 0.89 ( ± 0.03 ) 4.64 ( ± 0.11 ) * +++ ++ + ++++ ++++ 2.13 1.25 1.13 <C - 
Mp-30  1.38 2.22 2.46 ( ± 0.18 ) 4.09 ( ± 0.14 ) * +++ ++ + ++++ ++++ 1.78 - 1.08 <C - 
Mp-35  - 2.43 2.47 ( ± 0.30 ) 3.74 ( ± 0.13 )* +++ ++ ++ ++++ ++ 1.95 1.25 1.07 >C,SR + 
Mp-50  1.20 1.75 1.95 ( ± 0.1 0) 5.38 ( ± 0.14 ) * +++ ++ ++ ++++ ++++ 1.98 - 1.07 <C + 
Mc-52 Meyerozyma caribbica - 2.13 2.08 ( ± 0.06 ) 4.11 ( ± 0.14 ) * - + +++ ++++ ++++ - - 1.06 <C - 
Mc-57  - 2.50 1.06 ( ± 0.04 ) 2.22 ( ± 0.03 ) * ++ + ++ ++++ ++++ - - 1.13 N - 
Mg-11 Meyerozyma guilliermondii - 2.44 0.45 ( ± 0.03 ) 0.37 ( ± 0.02 ) - + +++ +++ +++ - 1.10 1.07 N + 
Mg-46  - 1.88 2.41 ( ± 0.36 ) 4.92 ( ± 0.14 ) * - + +++ +++ +++ - - 1.13 N - 
Mg-62  - 2.75 4.54 ( ± 0.07 ) 27.83 ( ± 1.32 ) * - + +++ +++ ++++ - - 1.12 <C + 
Pd-2 Pichia dianae 1.25 4.71 0.68 ( ± 0.06 ) 2.37 ( ± 0.10 ) * + ++ - - + 1.18 - 1.36 N + 
Pf-31 Pichia fermentans - 2.00 0.66 ( ± 0.24 ) 1.32 ( ± 0.29 )  + ++++ - - - 1.43 - 1.11 >C - 
Pf-51  - 1.80 1.18 ( ± 0.22 ) 2.92 ( ± 0.46 )  + ++++ - - - 1.39 - 1.12 >C - 
Pf-70  1.25 1.91 1.91 ( ± 0.49 ) 0.84 ( ± 0.25 )  - ++++ - - - 1.66 - - =C - 
Pm-55 Pichia membranifaciens - 4.29 0.58 ( ± 0.05 ) 1.79 ( ± 0.06 ) * + ++++ - - - 1.87 1.75 1.43 <C + 
Rd-1 Rhodotorula dairenensis - 2.83 0.58 ( ± 0.03 ) 1.60 ( ± 0.11 ) * +++ + + +++ +++ 1.72 - 1.13 >C + 
Rg-10 Rhodotorula glutinis - 2.00 5.02 ( ± 1.12 ) 6.19 ( ± 0.48 ) +++ ++ ++ +++ +++ 2.50 - 1.86 =C - 
Rm-8 Rhodotorula mucilaginosa - 1.54 2.22 ( ± 0.39 ) 15.64 ( ± 1.41 ) * +++ ++ +++ +++ +++ 1.97 - 1.13 <C + 
Sb-20 Saccharomyces bayanus 1.41 2.75 0.14 ( ± 0.02 ) 4.82 ( ± 0.08 ) * - + - + + 1.31 - 1.33 <C - 
Sc-4 Saccharomyces cerevisiae 1.43 3.00 0.24 ( ± 0.03 ) 0.60 ( ± 0.04 ) * + + - ++ ++ 1.13 1.50 1.43 N - 
Sc-6  1.28 3.38 0.35 ( ± 0.02 ) 2.76 ( ± 0.12 ) * + + - ++ + 1.13 1.13 1.13 N + 
Sc-39  1.50 4.38 0.94 ( ± 0.15 ) 3.65 ( ± 0.09 ) * - + - - - 1.21 - - N + 
Sc-44  1.17 1.86 1.91 ( ± 0.21 ) * 0.13 ( ± 0.02 ) - + + - - - - 1.23 <C - 
Sc-45  1.28 3.13 1.14 ( ± 0.06 ) 2.52 ( ± 0.06 ) * - + - + + 1.38 1.50 1.23 <C - 
Sc-64  1.29 4.00 1.61 ( ± 0.17 ) 1.93 ( ± 0.08 )  + + + + + 1.19 - 1.13 N + 
Su-5 Saccharomyces uvarum 1.33 3.43 0.41 ( ± 0.06 ) 6.91 ( ± 0.07 ) * + + - ++ + 1.18 1.25 1.43 N + 
Td-38 Torulaspora delbrueckii - 2.25 0.32 ( ± 0.2 ) 0.35 ( ± 0.02 ) - + - + - 1.31 - 1.13 N - 
Td-53  - 2.22 1.69 ( ± 0.07 ) 2.04 ( ± 0.46 ) + + - - - - - 1.43 N - 
Td-58  - 2.50 0.46 ( ± 0.13 ) 0.62 ( ± 0.17 )  + + - - - 1.31 - 1.17 N - 
Wa-32 Wickerhamomyces anomalus 1.43 2.00 3.30 ( ± 0.22 ) 6.91 ( ± 0.35) * - ++ ++ +++ +++ 1.95 1.50 1.31 >C - 
Wa-59  1.30 2.22 0.73 ( ± 0.04 ) 1.77 ( ± 0.05 ) * + + - + + 1.11 1.25 1.13 N - 
                 

SE (Solubilisation efficiency)= (diameter of colonies and halo zone)/ diameter of colonies; - activity not detected. TCP: tri-calcium diphosphate, ZnO: zinc oxide; IAA: indole-3- acetic acid production (g mg-1 dry 432 
weight) expressed as mean of three replicates ±SD, asterisks indicate statistically different IAA values at P<0.05 between treatments with or w/o L-Trp according to t-test; L-Trp: L-tryptophan; + slightly positive result 433 
to ++++ very strong positive result; DA: degradation activity= (diameter of colonies and halo zone)/ diameter of colonies. Solubilisation efficiency of minerals, biomolecule and cell-wall degrading enzyme production 434 
are represented as the mean of three plate replicates. Nicotiana benthamiana co-culture <C / >C / =C: less / more / equal growth of seedlings compared to control plants. SR: Short roots; N: no growth detected; 435 
Tobacco seedling promotion: - not  detected, + growth promotion detected. 436 
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3.2. Assessment of growth promotion of Nicotiana benthamiana seedlings in 437 

co-culture with yeasts under in vitro conditions 438 

 439 

Yeasts were evaluated in vitro for their plant growth-promoting ability using a 440 

co-culture system with Nicotiana benthamiana (Fu et al., 2016). Seedlings 441 

were placed on the upper half of the plate and the lower half of the plate was 442 

inoculated with yeast. Remarkable differences in the shoot and root growth 443 

were observed compared with controls after three weeks of co-cultivation. It 444 

was possible to differentiate five groups of phenotypic responses (shown in 445 

Table 1 and Fig.1): (i) no growth and yellowing or necrosis of seedlings (i.e. 446 

Cpi-27); (ii) similar growth as control without yeasts; (iii) stronger growth of 447 

shoot and root than control plants (i.e. Hp-54, Pa-32, Rd-1); (iv) weaker growth 448 

of shoot and root than control plants; (v) stronger growth of shoot but shorter 449 

branched roots than control plants (i.e. Mp-16). 450 

Shoot growth was significantly enhanced when seedlings were co-cultivated 451 

with 12 of the 69 yeasts tested, reaching levels of dry weight 5-fold higher than 452 

control plants in the case of H. pseudoburtonii Hp-54 (Fig. 2). In addition, 10 453 

yeasts also significantly increased the root dry weight (Fig. 2), and as much 454 

as 20-fold in co-culture with Hp-54 and R. dairensis Rd-1 compared to the 455 

control plants. Co-cultivation with these yeasts also stimulated the 456 

development of lateral roots and root hairs (Fig. 1A-B). However, strain Mp-16 457 

promoted greater shoot development with inhibition of primary root elongation, 458 

compared to the control plants (Figs. 1A and 2). Fifty-two yeast strains did not 459 

promote any visible effect, prevented seedling development or even promoted 460 

necrosis (Table 1). The plant growth enhancement observed seems to have 461 

some relationship to the species only in the case of H. uvarum, I. terricola and 462 

P. fermentans, in which all or most of the strains were found to have a positive 463 

effect on growth. Other species such as L. thermotolerans, M. guilliermondii, 464 

S. cerevisiae and Torulaspora delbruekii were clearly detrimental to seedling 465 

growth in this system.  466 

 467 

3.3. Promotion of in vitro seed germination by yeasts 468 

 469 

An experiment was conducted to evaluate the effects of the 69 yeast strains 470 

on the germination process. Nicotiana tabacum was the species chosen due 471 

to its homogeneity in the germination and phenotype of the seedlings. For this 472 

purpose, seeds were inoculated with yeasts on filter paper in a water-agar 473 

plate for 15 days (Fig. 3A). The percentage of germination and germination 474 



 16

time were not affected by inoculation with yeasts (data not shown). However, 475 

it was observed that some yeast strains significantly promoted the vigour of 476 

the tobacco plantlets relative to the control after 15 days of inoculation (Table 477 

2): up to 5.7-fold greater dry weight with M. guilliermondii Mg-62 and twice the 478 

number of roots with several strains. In addition, five of these strains increased 479 

the root length, although only seedlings inoculated with P. dianae Pd-2 or M. 480 

guilliermondii Mg-11 increased the chlorophyll content of leaves. Surprisingly, 481 

Mg-11 was the only strain that induced shorter roots than in control plants. 482 

However, it could be noted that the roots developed more hairs than the control 483 

plants (Fig. 3C). For all strains tested it was verified that yeasts were still alive 484 

in the plates at the time of data acquisition. 485 

 486 

Table 2. Effects of inoculation of Nicotiana tabacum seeds with selected plant growth-promoting yeasts. 487 

Yeast strain Dry weight (g/plant) Nº roots/plant Root length (cm) 
Chlorophyll a+b 

(mg g-1 FW) 

Mg-62 979.7 ± 63.1 * 3.0 ± 0.01 * 1. 5 ± 0.01 0.32 ± 0.02 

Dh-49 874.9 ± 225.0 * 3.9 ± 0.13 * 1.6 ± 0.08 0.28 ± 0.01 

Su-5 858.3 ± 41.7 * 3.3 ± 0.14 * 1.7 ± 0.07 0.23 ± 0.01 
Pd-2 832.4 ± 92.5 * 3.8 ± 0.15 * 1.9 ± 0.06 * 0.44 ± 0.01 * 

Mp-50 830.0 ± 50.0 * 3.0 ± 0.01 * 1.5 ± 0.01 0.31 ± 0.02 

Mg-11 811.1 ± 33.3 * 3.8 ± 0.08 * 1.0 ± 0.01 * 0.52 ± 0.02 * 

Sc-39 787.5 ± 20.0 * 3.3 ± 0.15 * 1.7 ± 0.08 0.27 ± 0.02 
Mp-35 750.0 ± 70.0 * 3.0 ± 0.00 * 1.5 ± 0.01 0.35 ± 0.05 

Lt-47 625.0 ± 125.0 * 3.7 ± 0.13 * 1.5 ± 0.01 0.33 ± 0.01 

Sc-6 607.1 ± 35.7 * 3.2 ± 0.11 * 1.5 ± 0.05 0.26 ± 0.04 

Hu-25 577.7 ± 44.4 * 3.5 ± 0.13 * 1.8 ± 0.06 * 0.27 ± 0.03 
Hu-19 534.9 ± 15.0 * 2.9 ± 0.07 * 1.4 ± 0.04 0.30 ± 0.02 

Sc-64 492.8 ± 64.3 * 3.0 ± 0.01 * 2.1 ± 0.06 * 0.33 ± 0.02 

Rm-8 476.1 ± 9.5 * 2.9 ± 0.08 * 2.0 ± 0.09 * 0.30 ± 0.01 

Cz-37 473.3 ± 93.3 * 4.0 ± 0.01 * 2.2 ± 0.08 * 0.36 ± 0.01 
Pm-55 472.2 ± 27.8 * 3.0 ± 0.01 * 1.6 ± 0.05 0.32 ± 0.02 

It-56 468.7 ± 31.3 * 2.8 ± 0.11 * 1.6 ± 0.04 0.29 ± 0.01 

Cz-63 425.7 ± 45.7 * 2.7 ± 0.11 * 1.6 ± 0.05 0.31 ± 0.01 

Rd-1 392.8 ± 78.6 * 2.2 ± 0.11 1.4 ± 0.05 0.31 ± 0.03 
Hu-24 344.4 ± 122.2 * 2.1 ± 0.08 1.7 ± 0.06 0.23 ± 0.03 

Control 173.2 ± 10.6 2.0 ± 0.05 1.6 ± 0.04 0.25 ± 0.03 
Data shown correspond to yeast inoculations that resulted in significantly greater dry weights per tobacco 488 
plant after 15 days growing. Roots longer than 0.5 cm were considered for measurements. Root length 489 
value corresponds to the longest root. Data are presented as the means ± SD (n=4-20). The experiment 490 
was performed twice. Asterisks indicate statistically different values in relation to control within each column 491 
at P<0.05 according to t-test.  492 
 493 

Because of their interesting effects on seedling vigour and root development, 494 

the Pd-2 and Mg-11 yeasts were chosen to demonstrate that these yeast-plant 495 

interaction effects are not species-specific. The experiment with tobacco was 496 

reproduced in lettuce (Fig.3). Results after 15 days of growth are shown in 497 

Table 3. As in the tobacco seedlings, strain Pd-2 significantly increased the 498 

shoot and root dry weight and the number of roots per plant (Fig. 3B). 499 

However, chlorophyll content and root length did not change with respect to 500 

the control. Yeast strain Mg-11 also increased the number of roots and the 501 

presence of root hairs (Table 3 and Fig. 3B-C), however, the length of roots 502 
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was significantly shorter than control as observed in the tobacco experiment. 503 

Chlorophyll content, as with the Pd-2 strain, remained unchanged.  504 

To verify that the beneficial effects on plant growth were due to live yeast cells, 505 

the same amounts of dead yeasts were co-cultured with lettuce seeds. None 506 

of the measured parameters differed significantly from the control plants 507 

(Table 3), corroborating that the positive effects on seedling development were 508 

induced by live yeast cells. The same experiment with dead yeasts was also 509 

performed with tobacco seeds and the results were equivalent to those 510 

observed in lettuce (Sup. Table S2). 511 

 512 

 513 

Table 3. Effects of inoculation of Lactuca sativa seeds with selected plant growth-promoting yeasts.  514 

Yeast strain 
Leaf dry weight 

(mg/plant) 

Roots dry weight 

(mg/plant) 

Nº 

roots/plant 

Root length 

(cm) 

Chlorophyll a+b 

(mg g-1 FW) 

Pd-2 1.70 ± 0.06 a 1.25 ± 0.02 a 6.98 ± 0.22 a 6.24 ± 0.12 a 0.26 ± 0.02 a 
Pd-2 (80ºC) 1.50 ± 0.10 b 1.16 ± 0.08 b 4.75 ± 0.01 c 6.69 ± 0.56 a 0.24 ± 0.01 a 

Mg-11 1.57 ± 0.07 ab 0.83 ± 0.05  b 5.81 ± 0.25 b 4.94 ± 0.23 b 0.25 ± 0.03 a 

Mg-11 (80ºC) 1.26 ± 0.09 b 1.15 ± 0.15 b 4.81 ± 0.31 c 6.75 ± 0.13 a 0.26 ± 0.01 a 

Control 1.32 ± 0.09 b 0.96 ± 0.04 b 4.56 ± 0.29 c 6.05  ± 0.38 a 0.25 ± 0.01 a 
Sterile lettuce seeds were treated with live or dead (30 min 80ºC) yeasts and cultivated for 15 days. Roots longer 515 
than 0.5 cm were considered for measurements. Root length value corresponds to the longest root. Data are 516 
presented as the means ± SD (n= 6-15). The experiment was performed three times. Values with the same letter 517 
within each column do not differ significantly (P<0.05) according to Tukey’s test.  518 
 519 

 520 

3.4. In vivo selection of plant growth-promoting yeasts 521 

 522 

An experiment was designed to investigate the growth-promoting effect of the 523 

69-yeast collection in vivo under phytotron conditions. Maize seeds were used 524 

for this purpose due to their precocity and homogeneity in germination. Yeasts 525 

were added to three-day-old pre-germinated maize seedlings in glass tubes 526 

with substrate. After 15 days the growth was evaluated by measuring the 527 

height, chlorophyll content and the fresh weight of the aerial parts 528 

(Supplementary Fig. 2). Three strains were found to have positive effects on 529 

all growth parameters (S. cerevisiae Sc-6, Debaryomyces hansenii Dh-67 and 530 

L. thermotolerans Lt-69) and only one (D. hansenii Dh-17) had negative effects 531 

(Sup. Table S3) in comparison with the control. The same experiment was 532 

repeated with the three selected growth-promoting yeasts measuring the dry 533 

weight of the aerial parts and roots. As negative controls, the growth of maize 534 

seedlings was evaluated with water or with the same concentration of dead 535 

yeasts (Table 4).  536 

 537 

 538 
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Table 4. Beneficial effects of selected plant growth-promoting yeasts on Zea mays seedlings grown under 539 
phytotron conditions. 540 

Yeast strain Leaf dry weight (mg/plant) Shoot length (cm) Chlorophyll (SPAD) 

Sc-6 163.56 ± 3.53 a 50.11 ± 0.50 a 39.11 ± 0.19 b 

Sc-6 (80ºC) 145.83 ± 3.63 b 48.08 ± 0.67 a 35.02 ± 0.38 c 
Dh-67 162.03 ± 3.10 a 49.06 ± 0.46 a 40.12 ± 0.19 a 

Dh-67 (80ºC) 146.89 ± 3.92 b 47.29 ± 0.67 a 35.19 ± 0.45 c 

Lt-69 163.12 ± 4.09 a 49.92 ± 0.56 a  40.63 ± 0.21 a 

Lt-69 (80ºC) 147.50 ± 3.43 b 46.77 ± 0.68 a 35.15 ± 0.47 c 
Control 147.68 ± 2.85 b 48.19 ± 0.48 a 35.80 ± 0.25 c 

Maize seedlings were treated after 3 days of germination with live or dead (30 min 80ºC) yeasts and 541 
cultivated for a further 15 days. Data are presented as the means ± SD (n= 40). The experiment was 542 
performed twice. Values with the same letter within each column do not differ significantly (P<0.05) 543 
according to Tukey’s test.  544 
 545 

 546 

The presence of the three live yeast strains increased the values of dry weight 547 

and chlorophyll content by around 10% after 15 days of inoculation, but no 548 

significant differences were observed in the shoot length. The root weight was 549 

neither altered (data not shown). Parameters measured in plants treated with 550 

the same amount of dead yeasts did not differ from the control plants (Table 551 

4), corroborating again the beneficial effects for seedling development of live 552 

yeast cells. For the three strains studied it was verified that the yeasts were 553 

alive in the substrate at the moment of data acquisition. 554 

 555 

 556 

4. Discussion 557 

  558 

The rising growth of organic farming coupled with awareness of the hazards 559 

associated with some chemical fertilisers and a stricter regulatory scenario in 560 

several countries has required many farmers to implement biofertilisers 561 

instead of their chemical counterparts. This new context is expected to boost 562 

the demand for biofertilisers over the next decade. In addition, the 563 

development of indigenous phytobeneficial products that suit local markets 564 

may enhance effectiveness and preserve local environments.  565 

Plants are associated with microorganisms, which have the ability to improve 566 

plant growth and stress tolerance, promote nutrition and antagonise 567 

pathogens. The integration of beneficial plant-microbe interactions may 568 

represent a promising sustainable solution to improve agricultural production 569 

(Timmusk et al., 2017). Currently, the composition of most biofertilisers is 570 

based on rhizobacteria, but sometimes the results with these species are 571 

inconsistent in the field (Backer et al., 2018). In contrast, the use of yeast plant-572 

enhancement agents has been under-exploited, despite their potential to 573 

produce bioactive compounds and evidence for enhancing growth, i.e., in rice 574 
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(Amprayn et al., 2012; Verma et al., 2019), sugar beet (El-Tarabily, 2004) or 575 

maize (Gollner et al., 2006; Nakayan et al., 2013; Nassar et al., 2005; Sarabia 576 

et al., 2017). Yeast strains originating from plants in the natural environment 577 

are well-adapted and resistant to various factors, such as temperature and pH 578 

levels, as well as osmotic and oxidative stresses (Pawlikowska et al., 2019; 579 

Sui et al., 2015). Following our review of the literature, it was clear that no data 580 

on Spanish crop-associated PGP yeasts was available. 581 

In the present work a collection of 69 yeast strains from 13 genera isolated 582 

from grapes in Spanish vineyards (Table 1) was studied. Sixty-six isolates 583 

were classified as Ascomycota, which are generally more frequent and 584 

abundant in agricultural soils, orchards and grasslands (Yurkov, 2018), and 585 

three as Basidiomycota (Rhodotorula spp.). Grape berries harbour a wide 586 

range of microbes originating from the vineyard environment, in particular 587 

yeast of the genera Candida, Hansenula, Hanseniaspora, Kluyveromyces, 588 

Metschnikowia, Pichia, Rhodotorula and Saccharomyces (Renouf et al., 589 

2005). Many of them are recognised for their role in the must fermentation 590 

process that shapes wine quality (Mezzasalma et al., 2017).  591 

 592 

4.1. Plant growth-promoting traits of grape-isolated yeasts 593 

 594 

It is known that yeasts can release molecules such as phytohormones, organic 595 

acids, siderophores, lytic enzymes or even volatile compounds, which may 596 

impact directly or indirectly on plant growth (Botha, 2011; de Souza et al., 597 

2019; El-Tarabily and Sivasithamparam, 2006; Freimoser et al., 2019; Fu et 598 

al., 2016; Nassar et al., 2005; Sun et al., 2014). Therefore, we have taken an 599 

integrated approach, testing all isolates for a variety of PGP attributes.  600 

Phosphorus solubilising capacity is one of the most valued characteristics in 601 

the microorganisms used in biofertilisation since a large portion of the 602 

phosphorus present in the soil is in the form of insoluble phosphates and 603 

cannot be utilised by the plants easily (Sharma et al., 2013). Phosphate 604 

applied as a chemical fertiliser is rapidly immobilised, becoming unavailable to 605 

plants. To ameliorate phosphorus deficiency, large amounts of fertiliser are 606 

used, which can lead to environmental degradation and increased crop 607 

production costs (Sharma et al., 2013). Several phosphate-solubilising 608 

microorganisms present in the soil are capable of solubilising inorganic 609 

phosphorus by releasing organic acids that promote acidification, secretion of 610 

extracellular phosphatases, chelation and exchange reactions (Alori et al., 611 

2017). Among them, some yeast have been studied (Gizaw et al., 2017; 612 
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Narsian et al., 2010). In the current study, 33 out of 69 yeast strains exhibited 613 

in vitro tri-calcium diphosphate solubilising ability (Table 1), the strongest 614 

solubilising activity being recorded by L. thermotolerans, and in strain Lt-47 in 615 

particular. This is the first time that this high capacity has been described for 616 

L. thermotolerans. Nakayan et al. (2013) observed that soil applications of a 617 

yeast strain (M. guilliermondii) with a solubilising efficiency similar to Lt-47, 618 

reduced the application of chemical fertilisers without affecting the optimal 619 

productivity of maize.  620 

On the other hand, zinc is a plant micronutrient that is involved in many 621 

physiological functions and its inadequate supply reduces crop yields. Zinc 622 

deficiency is the most widespread micronutrient deficiency problem (Hafeez, 623 

2013). All the isolates reported here have shown some ZnO solubilising 624 

capacity, with C. pimensis Cpi-27 and C. apicola Ca-40 having the most 625 

outstanding efficiency. 626 

Maximum solubilisation ratios described for P and Zn in the strains studied are 627 

higher than those reported in other yeast strains (Fu et al., 2016; Nutaratat et 628 

al., 2014). These data bring to light the interesting characteristics of some 629 

strains in this collection. 630 

 631 

IAA is a major phytohormone used by plants to regulate growth and it is 632 

involved in several physiological processes including plant cell elongation and 633 

division, germination, vascular development and root growth (Luo et al., 2018). 634 

Of particular interest for the study of PGP microorganisms is the influence of 635 

IAA on root length and lateral root production. Inoculation with IAA-producing 636 

microorganisms such as rhizobacteria (Dobbelaere et al., 1999) or yeasts (Fu 637 

et al., 2016; Sun et al., 2014), is known to enhance the formation of lateral 638 

roots and root hairs, thus promoting increased access to soil-based nutrients. 639 

The reports available to date indicate that IAA synthesis is a frequent trait 640 

among yeasts (Fu et al., 2016; Limtong and Koowadjanakul, 2012; Sun et al., 641 

2014;). The data suggest that yeast may have multiple pathways for IAA 642 

synthesis, one of which is not dependent on Trp (Rao et al., 2010), and this is 643 

an important point as Trp availability may influence yeast IAA production (Fu 644 

et al., 2016; Ignatova et al., 2015). To confirm the existence of a Trp-645 

independent pathway in the isolated yeasts, IAA production was analysed in 646 

cultures with and without Trp. Assessment of the 69 yeast strains showed that 647 

IAA was present in the supernatant of liquid culture of 67 of them in the 648 

absence of L-Trp. Therefore, our results corroborate the existence of a general 649 

tryptophan-independent IAA biosynthesis pathway. In the presence of L-Trp, 650 
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IAA production was enhanced several-fold in 41 strains, supporting the 651 

concept that the Trp-dependent pathway is the most efficient in the majority of 652 

the studied strains. The IAA quantification indicated that IAA-producing 653 

capability varies significantly in different strains of the same species (Sup. 654 

Table S1), therefore the trait is prominently strain-dependent. Such results are 655 

consistent with previous studies in yeasts (Fu et al., 2016; Streletskii et al., 656 

2016; Sun et al., 2014) and other microorganisms (Ruanpanun et al., 2010). 657 

 658 

The production of NH3 is a desirable PGP activity because it plays an important 659 

role in plant growth promotion via nitrogen availability (Marques et al., 2010). 660 

NH3 is a molecule produced and widely utilised by yeasts, probably as a signal 661 

mediator for communication between colonies (Palkova et al., 1997). Among 662 

the 39 strains that showed positive results, the genus Meyerozyma should be 663 

highlighted as the highest NH3 producer. 664 

 665 

Siderophores are small compounds secreted by many microorganisms with 666 

high-affinity for ferric iron, and these compounds support plant growth via iron 667 

chelating (Johnson et al., 2002) and indirectly inhibit plant pathogenic fungi by 668 

scavenging available iron from the environment (Ahmed and Holmström, 669 

2014). This primary competition strategy was demonstrated in the yeast M. 670 

pulcherrima, which produces the red pigment pulcherrimin in the presence of 671 

iron and in response to a range of fungal pathogens such as Botrytis cinerea, 672 

Alternaria alternata and Penicillium expansum (Saravanakumar et al., 2008). 673 

Accordingly, all M. pulcherrima strains in our collection assimilated ferric iron 674 

efficiently from the surrounding substrate (Table 1). Rhodotorula spp. strains 675 

were also found to be strong siderophore producers. Rhodotorulic acid has 676 

been identified as a siderophore produced by yeasts belonging to this genus 677 

(Atkin et al., 1970). 678 

 679 

The presence of catalase in microorganisms is useful for cell protection 680 

against oxidative damage caused by reactive oxygen species, conferring 681 

resistance to environmental, mechanical and chemical damages (Freimoser 682 

et al., 2019; Kaushal et al., 2018). Therefore, PGP yeast with catalase activity 683 

will have a greater likelihood of surviving in the rhizosphere, promoting plant 684 

growth indirectly (Martins and English, 2014). Our results indicated that 685 

catalase was produced by all the yeast isolates tested (consistent with Fu et 686 

al., 2016 and Nutaratat et al., 2014) and the production of oxygen in the 687 

presence of hydrogen peroxide was species dependent. All P. fermentans 688 
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isolates along with Co-65, Hp-54, and the It-34 and 56 strains showed high 689 

catalase activity. 690 

 691 

One of the mechanisms whereby PGP yeasts facilitate plant growth is through 692 

direct competition with other pathogenic microorganisms, with the production 693 

of fungal cell wall-degrading enzymes being an important part of this strategy 694 

(de Souza et al., 2019; Freimoser et al., 2019; Fu et al., 2016; Nutaratat et al., 695 

2014). Hence, -1,3-glucanase, protease, chitinase and cellulase activities 696 

were studied. Eight strains were positive for all the enzymes tested (Co-65, 697 

Cp-18, Mp-23 and 35, Wa-32 and 59 and Sc-4 and 6). All these species have 698 

been reported previously for their biocontrol abilities. For example, C. 699 

oleophila, which is the basis of the commercial products Aspire® and Nexy® 700 

that target postharvest spoilage of stored fruits, is capable of producing and 701 

secreting cell wall-degrading enzymes (Bar-Shimon et al., 2004; Carmona-702 

Hernandez et al., 2019). Exo--1,3 glucanases and chitinases have been also 703 

shown to contribute to the mechanism of action of W. anomalus strain K 704 

(reviewed in Muccilli and Restuccia, 2015), M. pulcherrima strain MACH1 705 

(Saravanakumar et al., 2009) and S. cerevisiae (Abdel-Kareem et al., 2019; 706 

Lima et al., 2013). Fallah et al. (2016) demonstrated the fungal antagonistic 707 

effect of C. parapsilosis on the growth of Fusarium species, however its 708 

mechanism of action is still unclear. 709 

Pectin degrading enzymes can help to unlock the structures of plant cell walls 710 

as a new resource of nutrients for plant growth. Most of the yeast isolates 711 

analysed in our study showed pectinolytic activity, which can be explained by 712 

the fact that there is a high incidence of pectinolytic species in nutrient-poor 713 

environments, such as the surface of grapes (Merín et al., 2015), which is the 714 

native environment of this yeast collection. It seems that pectinolytic yeasts 715 

play an ecological role on the grape surface because they can utilise pectin 716 

from cell walls by releasing intracellular sugars to the surface (Merín et al., 717 

2015). Some species have been reported to produce pectinases in the wine 718 

ecosystem and include Lachancea spp., Candida spp. or Metschnikowia spp. 719 

(Fernández et al., 2000). R. glutinis Rg-10 was the highest pectinase-producer 720 

in our collection. Yeasts belonging to these genera have been described 721 

previously as pectinolytic microorganisms (Taskin, 2013). 722 

 723 

The knowledge of the particular characteristics of each strain opens up new 724 

research possibilities to take advantage of their potential, either alone or in 725 

biofertilising preparations that include several strains with different abilities. 726 
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Consortia of various organisms with different benefits for crops can be 727 

integrated to combine different capabilities into one product with several yield-728 

promoting effects (García-Fraile et al., 2015), as in the case of the commercial 729 

biofertiliser BioGro (Hien et al., 2014). 730 

 731 

4.2. Growth promotion of plants under in vitro and in vivo conditions 732 

 733 

As a first approach to understand the effects of yeast interactions with plant 734 

growth and development, isolated strains were evaluated in vitro for their 735 

growth-promoting ability using an agar plate co-culture system with 736 

Nicotiana benthamiana seedlings (Fu et al., 2016). The aim of this study was 737 

to verify whether this method could be used to correlate the PGP traits 738 

observed in the activity tests (Table 1) with enhancing effects in conditions in 739 

vitro and later in vivo. Ten strains significantly enhanced seedling 740 

development, both at the aerial and root levels (Fig. 2), with an up to 5-fold 741 

increase in shoot dry weight by H. pseudoburtonii Hp-54. This strain and R. 742 

dairensis Rd-1 also induced a dramatic 20-fold increase in the root biomass 743 

dry weight compared to the control plants. In parallel, it was observed that the 744 

root system architecture (abundance of root hairs and lateral roots) was 745 

substantially changed by the presence of some of these yeasts (Fig. 1). 746 

However, these results did not have any correlation with the IAA levels (Table 747 

1) produced by the strains in liquid culture (Pearson’s correlation coefficient 748 

for leaf and root dry weight 0.5 and 0.2, respectively). Up to now, the plate co-749 

culture method had only been used to associate plant growth and alteration of 750 

the root system architecture with a very small number (7) of yeast strains that 751 

produced varying IAA amounts in liquid culture (Fu et al., 2016; Sun et al., 752 

2014; Tapia-Vázquez et al., 2020). These authors observed various effects on 753 

Nicotiana benthamiana, A. thaliana and tomato, such as vigorous 754 

development, increasing lateral root formation or inhibition of primary root 755 

elongation, and attributed them to the high levels of yeast IAA production. We 756 

hypothesise that, in our study, lack of correlation between seedling growth and 757 

the IAA levels previously measured might be due to differences in IAA 758 

production in both culture systems: one optimised for yeast growth (YPD 759 

medium) and the other for plant development (MS medium). It has been shown 760 

that yeast IAA production capacity depends on the sources of nutrients, pH 761 

and environmental growing conditions (Scarcella et al., 2017; Sun et al., 2014). 762 

Casarrubia et al. (2016) used A. thaliana transgenic reporter lines that carry 763 

the promoter of an auxin-responsive gene fused with the GUS reporter gene; 764 
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this approach would be a method to verify in situ the possible effects of IAA 765 

accumulation in the plant tissues.  766 

It is difficult to elucidate which PGP mechanism is attributed to the best 767 

performer strains since this growth system, although simple, is a very confined 768 

environment. The positive effect of certain diffusible molecules secreted into 769 

the culture medium can also be shielded by the negative effect of others. In 770 

addition, the presence of volatile organic compounds (VOCs; Freimoser et al., 771 

2019) or even a nonspecific mechanism, such as CO2 emissions produced by 772 

yeasts, may have important repercussions, as reported before for other fungi 773 

(Casarrubia et al., 2016). It is noteworthy that several isolates had negative 774 

effects on growth (i.e. C. pimensis Cpi-27, Fig. 1A), even to the point of being 775 

lethal to the seedlings. This is the first study in which such dramatic effects 776 

were observed on the seedling growth in yeast co-cultivation under in vitro 777 

conditions. Indeed, this co-culture system could be very interesting for 778 

studying metabolites and VOCs that influence shoot growth and root 779 

morphology. Because in vitro studies in PGP yeasts have been limited, a 780 

broad field of research could be opened up to decipher the molecular origin of 781 

the interesting growth-promoting effects observed with some of the yeasts in 782 

this collection.  783 

 784 

To further evaluate the yeast growth-promoting effects, two inoculation 785 

experiments were proposed at the germination stage. In the first one (Table 786 

2), in vitro yeast inoculation of tobacco seeds promoted a significant increase 787 

in the seedling dry weight (5.7-fold higher by M. guilliermondii Mg-62) in the 788 

presence of 20 strains, while precocity and germination percentage were not 789 

affected. In addition, important effects on root architecture were also observed, 790 

as increasing root numbers (2-fold), enlargement of primary roots (37%) or 791 

even development of hairy short roots with M. guilliermondii Mg-11 (Fig. 3). 792 

This strain, along with P. dianae Pd-2, was also able to enhance chlorophyll 793 

content. In addition, it was demonstrated that the PGP effects observed in 794 

tobacco by the strain with the best performance in all attributes measured, Pd-795 

2, could be reproduced in lettuce and this enhancement only was possible 796 

when the yeast inoculum was alive (Table 3). Root shortening and hairy 797 

phenotype was also reproducible in lettuce with the strain Mg-11 (Fig. 3), 798 

indicating that these effects are not plant species-specific. Nakayan et al. 799 

(2013) also observed seedling vigour enhancement in vitro in maize and 800 

Chinese cabbage in an inoculation experiment with M. guilliermondii strain 801 

CC1, while the germination percentage was not altered significantly. Similarly, 802 
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in other in vitro assays with C. tropicalis and S. cerevisiae with rice seeds, 803 

vigour index was significantly higher compared to controls, although there was 804 

no change in the germination percentage (Amprayn et al., 2012; Verma et al., 805 

2019). However, Tapia-Vazquez et al. (2020) observed a slight germination 806 

precocity when tomato seeds were inoculated with several psychrophilic 807 

yeasts. In our study, seedling vigour enhancement seemed to be strain 808 

dependent to some extent, although in some species several or most of the 809 

strains had promoter capacity (C. zemplinina, H. uvarum, M. guilliermondii or 810 

S. cerevisiae). Since there is variability among strains in terms of nutrient 811 

solubilisation, production of IAA, siderophores or ammonium, it is also possible 812 

that growth-promoting factors other than those studied may also have had a 813 

role in seedling vigour enhancement. 814 

In order to assess the promoter effect of yeasts on seed germination in a 815 

controlled environment that more closely matched in-field conditions, another 816 

experiment was undertaken with plants growing in soil. The species chosen 817 

was maize because it has very rapid development and its size facilitates 818 

screening in peat containers and phytotrons. It was observed that only three 819 

strains (D. hansenii Dh-67, L. thermotolerans Lt-69 and S. cerevisiae Sc-6) 820 

were associated with significant increases in fresh weight and chlorophyll 821 

content relative to control plants (Sup. Table S3). Inoculation with these three 822 

strains also increased leaf dry weight (Table 4) but not root dry weight. It was 823 

also proven in this experiment that these strains survived in the rhizosphere at 824 

the end of the cultivation period but that the growth-promoting effect 825 

disappeared if the seeds were inoculated with dead yeast. Out of three isolates 826 

that increased the vigour of in vivo maize seedlings, only strain Sc-6 showed 827 

vigour enhancement of tobacco seedlings in vitro. In view of these results, it 828 

can be observed that there is a great variability in the behaviour of the yeasts 829 

depending on the growing conditions. As the environmental factors get closer 830 

to field conditions, the number of strains with growth-promoter potential 831 

decreases. Nakayan et al. (2013) and Amprayn et al. (2012) also observed 832 

differences in yeast performance among plant species and between in vitro 833 

and greenhouse or field conditions. The chemical composition of root 834 

exudates, which can serve as a potential nutrition source for rhizospheric 835 

microbes, varies among plant species according to the nutrient availability of 836 

the plants (Carvalhais et al., 2011). This fact along with other changes in 837 

environmental conditions that it is known to affect yeast performance, such as 838 

water and nutrient availability (Deak, 2006), could explain differences in yeast 839 

growth-promoting effects.  840 
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From an agronomic point of view, application of beneficial microorganisms to 841 

the rhizosphere or seeds is an efficient mechanism for microbial inoculation of 842 

soil where they will be well positioned to colonise seedling roots ( O’Callaghan, 843 

2016). Recently, microbial seed coating has been considered as an 844 

inexpensive and efficient technology for the delivery of inocula, since it 845 

contributes to the production of coated seeds toward meeting ecological safety 846 

and efficacy standards (Ma, 2019). However, despite the clear laboratory 847 

demonstration of the ability of a wide range of beneficial microorganisms to 848 

improve crop performance, there are still very few commercially available 849 

microbial seed inoculants due to the variability and inconsistency of results 850 

between laboratory, greenhouse and field studies (O’Callaghan, 2016). The 851 

reason for the discrepancies lies in the incomplete understanding of 852 

relationships between plants, microorganisms and environmental conditions 853 

(Malusá et al., 2012) and the complexity of factors affecting microbial 854 

performance. Together with the genotype and biochemical characteristics of 855 

the introduced strains, the survival and colonisation of microbes in the 856 

rhizosphere are determined by several environmental factors, such as soil pH, 857 

nutrient and moisture content, plant genotype and physiological state or the 858 

presence of other microbial species (Naik et al., 2019). 859 

 860 

 861 

5. Conclusions 862 

Our results show that isolated yeast strains from grapes in Spanish vineyards 863 

have physiological features in vitro that are compatible with plant growth 864 

promotion. Valuable results have been obtained because this is the first time 865 

that such a broad yeast collection has been assayed in parallel for in vitro and 866 

in vivo PGP traits. The isolates exhibited multifarious traits like phosphate and 867 

zinc solubilisation or production of IAA, siderophores, NH3, catalase and 868 

different hydrolytic enzymes showing the great potential of these strains. Out 869 

of 69 isolates, 11 promising yeast strains were selected on the basis of in vitro 870 

co-culture PGP assays with Nicotiana benthamiana seedlings. This system 871 

gives partial information concerning yeast-plant interactions as no correlation 872 

with in vivo condition effects were observed, probably due to some limitations 873 

derived from constraints on the confined environment. Twenty isolates showed 874 

significant activity in vitro in the seedling vigour experiments with tobacco 875 

seeds. Two of the most promising strains (P. dianae Pd-2 and M. guilliermondii 876 

Mg-11) also demonstrated their growth enhancing ability in lettuce. This 877 
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behaviour pattern varied when the plant species was changed to maize and in 878 

vivo conditions were tested instead. Three isolates enhanced shoot dry weight 879 

and chlorophyll content, of which only S. cerevisiae Sc-6 is common to the 880 

species that increased tobacco seedling vigour, making it a good candidate to 881 

continue with field experiments. The positive results observed in our study with 882 

a broad range of yeast species opens a new door for future agronomic 883 

developments in this field. 884 

 885 

Supplementary data 886 

Supplementary Figure S1: In vitro measurements of plant growth-promoting 887 

activities in isolated yeasts. 888 

Supplementary Figure S2: Development of maize seedlings with selected 889 

plant growth-promoting yeasts under phytotron controlled conditions. 890 

Supplementary Table S1: IAA production in yeasts grown in liquid culture with 891 

or without 0.1% L-Trp. 892 

Supplementary Table S2: Effects of inoculation of Nicotiana tabacum seeds 893 

with selected plant growth-promoting yeasts. 894 

Supplementary Table S3: Growth-promoting effects of yeasts in maize 895 

seedling development planted in soil under phytotron conditions. 896 
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Figures 

 
 
 

Fig. 1. Effects of plant growth-promoting yeasts on growth and development of Nicotiana 

benthamiana seedlings. (A) N. benthamiana seedlings (7 days old) were grown on 

quarter-strength MS agar plates inoculated with yeasts at the opposite ends. The plates 

were placed vertically and seedlings were co-cultured with yeasts for a further 21 days. 

Plate samples without yeast served as the control. Several plates are shown as 

examples of different phenotypes: Hp-54, Wa-32 and Rd-1 enhanced shoot and root 

weight while Mp-16 only enhanced shoot growth. Cpi-27 is an example of a yeast strain 

that was deleterious in co-culture with N. benthamiana seedlings. (B) Detail of N. 

benthamiana roots developed in the presence of yeasts Wa-32 and Cv-15. Greater 

branching and the presence of longer root hairs can be observed in comparison to the 

control seedlings roots. Scale bars indicate 1 cm. 
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Fig. 2. Effects of plant growth-promoting yeasts on dry weight of leaves and roots of 

Nicotiana benthamiana seedlings after 21 days of in vitro co-culture. Data shown are 

presented as the means ± SD (n=8) and correspond to yeast strains associated with 

significantly higher shoot dry weight than the control. The experiment was performed 

twice. Values with the same letter do not differ significantly (P<0.05) according to Tukey’s 

test.  
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Fig. 3. Effects of plant growth-promoting yeasts on seedling development after 15 days 

of in vitro co-culture. (A) Surface sterilised tobacco and lettuce seeds were germinated 

on filter paper in water-agar plates in the presence of 1 mL of 108 CFU mL-1 of yeast (Pd-

2 or Mg-11) or water as control. (B) Yeast inoculated seedlings showed greater shoot 

and root development than control plants. Scale bars indicate 1 cm. (C) Detail of tobacco 

and lettuce seedling root tips where a large number of root hairs can be observed in the 

presence of yeast strain Mg-11. Scale bars indicate 1 mm. 
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Supplementary tables 

 

Supplementary Table 1. IAA production in yeasts grown in liquid culture with or without 0.1% L-Trp. Means 

of relevant IAA producers (>2.5 g mg-1 dry weight) yeasts were analysed using one-way analysis of variance 

(ANOVA) and the differences were compared using Tukey’s multiple comparison test. Values with the same 

letter no not differ significantly (P<0.05).  

 

With L-Trp                        W/O L-Trp 

Yeast strain a b c d e f g 
 

Yeast strain a b c d e f g h    

Mg-62 27,83             
 

Lt-60 11,12                  

Cz-37 20,92 20,92           
 

Cz-68   6,34                

Rm-8   15,64 15,64         
 

Cz-41   5,83 5,83              

Ll-43   15,14 15,14 15,14       
 

Cpi-27   5,10 5,10 5,10            

Cz-41   14,79 14,79 14,79 14,79     
 

Rg-10   5,02 5,02 5,02            

Cz-68   12,61 12,61 12,61 12,61 12,61   
 

Mg-62   4,54 4,54 4,54 4,54          

Cpi-27   10,88 10,88 10,88 10,88 10,88 10,88 
 

Cl-66     3,76 3,76 3,76 3,76        

Ll-21   10,36 10,36 10,36 10,36 10,36 10,36 
 

Wa-32       3,30 3,30 3,30 3,30      

Wa-32     6,91 6,91 6,91 6,91 6,91 
 

Hp-54         2,62 2,62 2,62 2,62    

Su-5     6,91 6,91 6,91 6,91 6,91 
 

Ci-3         2,62 2,62 2,62 2,62    

Rg-10     6,19 6,19 6,19 6,19 6,19 
 

                
 

   

Hp-54     5,89 5,89 5,89 5,89 5,89 
 

                
 

   

Hu-24     5,55 5,55 5,55 5,55 5,55 
 

                
 

   

Mp-50     5,38 5,38 5,38 5,38 5,38 
 

                
 

   

Mg-46     4,92 4,92 4,92 4,92 4,92 
 

                
 

   

Hu-48     4,83 4,83 4,83 4,83 4,83 
 

                
 

   

Sb-20     4,82 4,82 4,82 4,82 4,82 
 

                
 

   

Mp-23     4,64 4,64 4,64 4,64 4,64 
 

                
 

   

Cl-66     4,54 4,54 4,54 4,54 4,54 
 

                
 

   

Mc-52       4,11 4,11 4,11 4,11 
 

                
 

   

Mp-30       4,09 4,09 4,09 4,09 
 

                
 

   

Cl-14       3,92 3,92 3,92 3,92 
 

                
 

   

Hu-25       3,82 3,82 3,82 3,82 
 

                
 

   

Mp-35         3,74 3,74 3,74 
 

                
 

   

Mp-22         3,68 3,68 3,68 
 

                
 

   

Sc-39         3,65 3,65 3,65 
 

                
 

   

Cv-15         3,61 3,61 3,61 
 

                
 

   

Ci-3           3,40 3,40 
 

                
 

   

It-36           3,16 3,16 
 

                
 

   

Dh-49           2,95 2,95 
 

                
 

   

Pf-51           2,92 2,92 
 

                
 

   

It-56           2,89 2,89 
 

                
 

   

Sc-6           2,76 2,76 
 

                
 

   

Mp-16           2,73 2,73 
 

                
 

   

Sc-45           2,52 2,52 
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Supplementary Table 2. Effects of inoculation of Nicotiana tabacum seeds with selected plant 
growth-promoting yeasts.  

Yeast strain Dry weight (g/plant) Nº roots/plant Root length (cm) 
Chlorophyll a+b 

(mg g-1 FW) 

Pd-2 446.2 ± 47.8 a 3.2 ± 0.05 a 1.3 ± 0.02 a 0.30 ± 0.01 b 

Pd-2 (80ºC) 95.6 ± 11.2 b 1.5 ± 0.07 b 0.8 ± 0.06 b 0.18 ± 0.01 c 
Mg-11 390.0 ± 17.9 a 3.2 ± 0.04 a 0.5 ± 0.01 c 0.47 ± 0.03 a 

Mg-11 (80ºC) 100.2 ± 16.3 b 1.3 ± 0.06 b 0.7 ± 0.02 b 0.19 ± 0.05 c 

Control 97.0 ± 14.5 b 1.3 ± 0.09 b 0.7  ± 0.03 b 0.17 ± 0.02 c 
Sterile tobacco seeds were treated with live or dead (30 min 80ºC) yeasts and cultivated for 10 days. Roots longer than 
0.5 cm were considered for measurements. Root length value corresponds to the longest root. Data are presented as the 
means ± SD (n= 4-30). The experiment was performed twice. Values with the same letter within each column do not differ 
significantly (P<0.05) according to Tukey’s test.  
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Supplementary Table 3. Growth-promoting effects of yeasts in maize seedling development planted in 
soil under phytotron conditions. 

  Leaf Fresh Weight (%) Shoot Height (%) Chlorophyll-SPAD (%) 
Control 100,00 ± 0,87 100,00 ± 1,55 100,00 ± 2,84 

Ca-12 104,35 ± 3,04 99,23 ± 2,68 112,81 ± 2,16 * 
Ca-40 115,00 ± 1,50 103,94 ± 1,39 102,61 ± 3,94 

Ci-3 100,00 ± 3,04 99,81 ± 2,01 112,50 ± 1,81 * 

Cl-14 100,00 ± 4,35 100,57 ± 3,89 105,94 ± 3,22 
Cl-28 110,00 ± 5,00 102,07 ± 1,91 107,49 ± 6,38 
Cl-66 104,76 ± 3,81 103,38 ± 2,83 98,17 ± 1,94 

Co-13 95,65 ± 2,17 97,89 ± 2,68 109,38± 2,03 * 
Co-65 104,76 ± 4,76 110,55 ± 2,87 * 99,21 ± 3,14 

Cp-18 82,61 ± 8,70 86,21 ± 6,36 100,00 ± 2,59 

Cpi-27 110,00 ± 3,00 102,49 ± 1,00 97,72 ± 5,44 

Cr-26 110,00 ± 3,00 98,76 ± 1,87 100,98± 3,42 

Cv-15 95,65 ± 3,91 99,43 ± 2,57 98,13 ± 2,56 

Cz-37 100,00 ± 4,50 96,27 ± 2,76 102,93 ± 4,14 
Cz-41 100,00 ± 4,44 100,23 ± 2,00 96,06 ± 4,87 
Cz-63 104,765 ± 2,38 106,75 ± 3,23 98,17± 2,54 
Cz-68 100,00 ± 4,29 96,62 ± 3,25 97,12 ± 2,25 

Dh-17 86,96 ± 4,35 * 86,59 ± 4,29 * 89,69 ± 3,81 
Dh-49 111,11 ± 3,33 104,99 ± 2,18 101,08 ± 3,37 
Dh-67 109,52 ± 2,38 * 108,23 ± 2,66 * 112,07 ± 1,42 * 

Dn-33 100,00 ± 6,00 95,23 ± 3,90 107,49± 5,96 

Hu-19 95,65 ± 5,22 99,43 ± 4,27 98,75 ± 2,16 
Hu-24 110,00 ± 4,50 102,07 ± 2,16 96,74 ± 2,93 
Hu-25 100,00 ± 5,00 98,13 ± 2,97 102,61 ± 4,07 
Hu-48 111,11 ± 2,22 104,08 ± 1,36 106,09 ± 4,77 

Hp-54 100,00 ± 2,78 99,32 ± 1,81 92,47 ± 5,84 

It-34 100,00 ± 5,50 100,41 ± 1,78 111,07 ± 3,16 * 
It-36 105,00 ± 6,00 100,41 ± 2,87 98,70± 3,91 
It-56 100,00 ± 6,11 95,69 ± 4,81 98,21 ± 5,27 

Ll-21 110,00 ± 3,50 101,45 ± 1,37 103,58 ± 3,88 
Ll-43 94,44 ± 4,44 95,24 ± 1,97 113,98 ± 2,62 

Lt-7 91,30 ± 4,35 93,49 ± 3,18 107,50 ± 2,34 
Lt-29 105,00 ± 4,00 97,30 ± 2,49 99,02 ± 3,97 
Lt-42 88,89 ± 3,89 97,73 ± 2,09 104,30 ± 4,70 
Lt-47 105,55 ± 3,33 104,76 ± 1,00 96,42 ± 4,41 
Lt-60 100,00 ± 3,89 102,50 ± 7,39 95,34 ± 5,99 
Lt-61 100,00 ± 5,24 106,33 ± 3,02 99,21 ± 2,49 
Lt-69 109,52 ± 2,86 * 104,22 ± 3,29 * 114,33 ± 3,02 * 

Mp-16 95,65 ± 6,09 98,47 ± 4,90 106,56 ± 2,19 
Mp-22 115,00 ± 3,50 103,11 ± 1,47 100,98 ± 3,26 
Mp-23 110,00 ± 2,00 103,11 ± 0,93 95,77 ± 3,88 
Mp-30 110,00 ± 3,00 103,32 ± 1,83 105,21 ± 2,61 
Mp-35 110,00 ± 4,50 102,07 ± 1,29 92,18 ± 3,29  
Mp-50 100,00 ± 3,33 103,40 ± 2,15 111,11 ± 3,15 

Mc-52 94,44 ± 3,89 100,68 ± 2,72 93,19 ± 4,30 
Mc-57 105,56 ± 3,33 100,68 ± 2,20 104,66 ± 3,262 

Mg-11 100,00 ± 3,04 97,13 ± 2,59 109,38 ± 3,34 
Mg-46 100,00 ± 3,89 101,36 ± 2,13 100,72 ± 3,98 
Mg-62 100,00 ± 4,76 101,48 ± 2,17 92,15 ± 2,51 * 

Pd-2 95,65 ± 6,52 96,36 ± 5,86 105,94 ± 3,50 

Pf-31 110,00 ± 2,50 100,41 ± 1,60 109,45 ± 2,61 * 
Pf-51 100,00 ± 2,22 102,95 ± 2,20 100,72 ± 6,02 
Pf-70 104,76 ± 3,33 107,81 ± 1,94 * 97,38 ± 2,36 

Pm-55 100,00 ± 4,44 96,37 ± 2,90 104,30 ± 3,84 

Rd-1 86,96 ± 5,22 * 88,51 ± 5,32 105,63 ± 4,28 

Rg-10 95,65 ± 4,78 96,55 ± 3,62 108,75 ± 2,75 

Rm-8 100,00 ± 3,91 99,43 ± 3,18 107,50 ± 2,56 

Sb-20 91,30 ± 4,78 96,55 ± 3,70 107,19 ± 2,91 

Sc-4 95,65 ± 2,61 99,81 ± 2,87 111,88 ± 1,31 * 
Sc-6 107,94 ± 2,25 * 105,94 ± 1,65 * 109,25 ± 1,88 * 

Sc-39 115,00 ± 3,50 * 102,497 ± 1,00 103,58 ± 1,92 
Sc-44 100,00 ± 5,00 101,13 ± 1,47 108,96 ± 4,66 
Sc-45 100,00 ± 4,44 99,77 ± 2,24 96,77 ± 4,84 
Sc-64 104,76 ± 3,33 110,34 ± 2,19 * 98,69 ± 2,59 

Su-5 100,00 ± 3,91 97,51 ± 3,43 110,31 ± 2,69 * 

Td-38 105,00 ± 4,50 99,17 ± 1,27 103,58 ± 2,74 
Td-53 105,56 ± 3,89 103,85 ± 2,31 105,73 ± 2,69 
Td-58 100,00 ± 3,89 99,55 ± 2,12 102,87 ± 5,41 

Wa-32 110,00 ± 4,50 101,87 ± 1,72 109,45± 4,04 
Wa-59 105,56 ± 5,00 103,17 ± 2,22 97,85 ± 6,74 

Maize seedling data after 15 days of yeast inoculation presented as percentages, with control=100%. Data are presented 
as the means ± SD (n=20). Asterisks indicate statistically different values in relation to control within each column at 
P<0.05 according to t-test.  
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