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A fitful fungus from a hot, arid climate
increases grain yield in cool-cultivated barley
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Abstract

Purpose
The fungus Piriformospora indica was first isolated from plants growing in 
arid, hot desert conditions and has been shown to have significant potential 
as a biocontrol and biofertilising organism in barley under optimal growth 
conditions. However, it was not thought to be effective in plants grown in low 
temperatures and has consequently not been well tested in cold-stressed crops. 
This study sought to determine the effects of inoculating barley plants with this 
fungus in cool growth conditions with variable nutrient input.

Methods
Three barley varieties were inoculated with P. indica and two other fungal 
root endophytes, Chaetomium globosum and Epicoccum nigrum, in a controlled 
environment under low temperature stress with variable nutrient input, and 
measured growth, development and yield.

Results
With the higher nutrient input, the P.indica-inoculated plants flowered earlier 
and had 22% greater grain yield than the control. The other two endophytes, C. 
globosum and E. nigrum, conferred no significant benefits under either nutrient 
regime.

Conclusions
Piriformospora indica is easy to culture and propagate, and may have significant 
biofertilisation potential as a crop treatment for barley grown in cool climates 
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provided that a threshold level of nitrogen is supplied. Such treatments may 
enable the profitable cultivation of barley in previously marginal sites and 
reduce the carbon footprint of barley through increased nitrogen use efficiency.

Keywords

Barley, biofertilisation, fungal root endophytes, low temperature and nutrient 
stress, symbiosis.

Introduction

Fungal root endophytes are plant associates that spend most or part of their 
lives within plant root tissue without inducing pathogenic symptoms (Stone, 
Polishook, and White 2004; Schulz and Boyle 2006; Weiss et al. 2011). They are 
known to colonize a wide variety of plants, including many important crops. 
Benefits to plants colonised by endophytic root fungi include increased yield 
(Achatz et al. 2010), enhanced resistance to pathogens and herbivores (Waller et 
al. 2008) and abiotic stress tolerance (Waller et al. 2005).

One particular fungal root endophyte, Piriformospora indica, discovered 
in the Thar desert of north-west India in 1997 (Verma et al. 1998),  has been 
extensively studied (Ghahfarokhi & Goltapeh 2010; Qiang et al. 2011; Ansari 
et al. 2013; Unnikumar et al. 2013). Very few of these studies have examined 
the performance of P. indica in barley under cold growing conditions, probably 
due to the fact that the optimal growth temperature of ~35°C for this fungus 
(related to its provenance) has suggested that it may not perform well in the 
cooler climates in which barley is often grown. Studies focusing on similar crops 
in the field, such as wheat, showed no significant benefits for the crop plants 
deriving from colonization by P. indica (Serfling et al. 2007).

Barley is one of the world’s most important cereal crops (Newton et al. 2011) 
and is often grown on poor, stress-prone land in cool climates, and is more cold-
tolerant than most other cereal crops (Visioni et al. 2013). Obtaining acceptable 
yields in such conditions often requires high inputs of chemicals, with 
consequent economic and ecological costs. High chemical crop inputs may also 
be a major contributing factor to the carbon footprint of barley (Gan et al. 2012). 
Biofertilisation treatments using fungal root endophytes may help to reduce 
these costs while still maintaining yield (Murphy, Doohan, and Hodkinson 
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2013). While some studies (Achatz et al. 2010) showed that P. indica colonized 
plants to the same degree despite widely different nutrient input, others found 
a strong link between lower nitrogen input and greater colonisation of barley 
roots by P. indica (Lahrmann et al. 2013). Two other fungal root endophytes, 
Chaetomium globosum and Epicoccum nigrum, have also been shown to increase 
yield and induce pathogen resistance in a range of plant species (Soytong & 
Ratanacherdchai 2005; Fávaro, Sebastianes, and Araújo 2012). 

Our study examined how P. indica, C. globosum and E. nigrum interact with 
different barley cultivars at low growing temperature and with two different 
nutrient regimes.

Methods

The methods and results described in this paper are a summary of more detailed 
procedures and results, respectively, which are available on request.

Experimental setup

Spring barley root samples from the cultivars ‘Overture’, ‘Propino’ and ‘Sy Taberna’ 
were collected prior to harvest from the Department of Agriculture, Forestry and the 
Marine (DAFM) trials site at Backweston, Co. Kildare, Ireland (53.348 N, 6.488 W). 
We isolated 33 individual fungi from the root pieces of the 16 barley plants sampled. 
Fourteen representative morphotypes were identified by using a combination of 
morphological and DNA character analysis. Two of the fungal species isolated 
have been reported as beneficial endophytes, Chaetomium globosum  (Soytong & 
Ratanacherdchai 2005) and Epicoccum nigrum (Fávaro, Sebastianes, and Araújo 
2012). These two species and a laboratory strain of Piriformospora indica (P. indica-
DSM11827 from Deutsche Sammlung von Mikroorganismen und Zellkulturen, 
Braunschweig, Germany), were chosen as experimental treatments for this study. 
Cultures for the experimental treatments were grown from single spores.

We used seeds of 3 spring barley cultivars, ‘Frontier’, ‘Propino’ and ‘Soldo’, for 
this experiment (Goldcrop Seeds, Cork, Ireland). Three barley cultivars were used 
in order to obtain more comprehensive results because they represent different 
growth, yield and disease resistance characteristics and have been successfully 
grown in low temperatures. 360 seeds were sown in 120 x 1 litre plant pots in a 
growth compost consisting of sterilised coarse vermiculite supplemented by water 
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absorbing polymer granules (Agricultural Polymers International Ltd.). Equal 
numbers of seeds were either inoculated with one of the three endophyte cultures 
(C. globosum, E. nigrum, P. indica) or not inoculated (the controls). Pots were placed 
into controlled environment chambers, with a 9 hour photoperiod at a compost 
surface illumination of 210 µmol.m-2 s-1, a constant temperature of 8°C and 70% 
relative humidity. After 70 days, the temperature was raised to 13°C, then raised to 
16°C fourteen days later. The photoperiod was gradually extended until it reached 
15 hours, 84 days after seed germination. The photoperiod was lengthened and 
temperature raised to speed up plant development.

Plant cultivation and processing

The plants were given a liquid fertiliser (Bayer Phostrogen®) at each watering after 
germination. This particular fertiliser was chosen for its relatively low nitrogen 
content. Half of the plants were given lower nutrient inputs (LO) and half given 
higher (HI) nutrients. The HI treatment contained the recommended input of 
fertiliser for hydroponically-grown plants. The nutrient content was calculated 
from the manufacturers analysis; for the HI nutrient treatments, the total nutrient 
input per pot was: ammoniacal N = 0.04728g, ureic N = 0.2836g, Total N = 0.3308g, 
P = 0.208g, K = 0.5292g, Mg = 0.0344g, S = 0.0714g, Ca = 0.0338g and traces of Boron, 
Copper, Iron, Manganese, Molybdenum and Zinc; for LO nutrient treatments, the 
total nutrient input per pot was halved for all elements. Development of the plants 
was monitored and recorded using recognised growth stages (Zadoks et al. 1974). 
Plants were grown for 147 days (21 weeks) from date of sowing, then harvested and 
processed. Plant dimensions and both fresh and dried plant parts (shoots, grains 
and roots) were counted and weighed. The nitrogen (N) and carbon (C) content 
of the grains was measured using an Elementar vario EL Cube. Approximately 7 
mg of crushed and homogenised grain from each sample was used to determine 
proportions of total N and C. Pieces of root from each plant were incubated on 
agar culture medium to test for endophyte presence. Data analysis by ANOVA was 
performed using the Data Analysis modules provide by Microsoft Excel 2010®.

Results

Though there was very little difference in germination success, the Piriformospora 
indica-inoculated plants performed better for nearly all subsequent early growth and 
development parameters for both LO and HI nutrient input. A strong interaction 
was indicated between nutrient input and number of days to flowering (2-way 
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ANOVA, F1,48 = 5.11, P = 0.028), where the HI nutrient input P. indica-inoculated 
plants flowered 5 days earlier than the control (Table 1 and Figure 1). Piriformospora 
indica-inoculated plants matured 7 days earlier than the control for HI nutrient 
input, but 2 days later for LO.

Table 1. Mean values at harvest for 3 spring barley cultivars (Frontier, Propino 
and Soldo) inoculated with one of 3 fungal root endophytes, grown at low tem-
perature under two nutrient regimes (LO = lower nutrient input and HI = higher 
nutrient input). All values are means per pot of 3 plants for each treatment (n = 15). 
Statistically significant differences of P < 0.05 (2-way ANOVA) between endophyte 
and control are indicated by *. 

Treatment Nutri-
ents

Days 
to 

flower

Height 
cm

Fresh 
wt. 

grains g

Fresh 
wt. 

shoots g

Dry 
wt. 

grains 
g

Dry 
wt. 

shoots 
g

C. globosum LO 116 77.1 9.34 19.81* 3.66 4.75

HI 121 92.3 11.38 23.40 4.30 4.80
E. nigrum LO 112 73.6 10.10 18.74 3.79 4.39

HI 119 91.8 9.05 22.03 3.50 4.87

P. indica LO 109 74.9 9.42 17.64 3.66 4.29

HI 111* 82.3 13.02 25.01 5.19* 6.29

ALL endophytes LO 112 75.2 9.62 18.73 3.70 4.47

HI 117 88.8 11.15 23.48 4.33 5.31
Control LO 106 68.0 9.36 15.27 4.68 3.97

HI 116 94.3 11.50 24.41 4.26 5.70
Endos / 
Control LO 1.06 1.11 1.03 1.23 0.79 1.13

HI 1.01 0.94 0.97 0.96 1.02 0.93

When the final harvest characteristics of the plants were analysed (Table 1), 
it was found that, compared with the P. indica treatment, control plants had the 
greatest mean dry weight of grains with LO nutrient input. However, under 
the HI nutrient input regime, the P. indica-inoculated plants performed better in 
almost all respects compared with all other treatments. For HI nutrient input, 
comparison of harvest parameters for P. indica treatments and controls indicated 
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a strong interaction between nutrient input and grain dry weight (2-way ANOVA, 
F1,48 = 7.59, P = 0.008), where P. indica inoculated plants had 22% greater grain 
dry weight than the control (ANOVA, F1,24 = 4.75, P = 0.039) (Figure 2). Shoot dry 
weight for the P.indica-inoculated plants was also greater than the other treatments, 
though not significantly. The nitrogen and carbon content of the grains did not 
differ significantly between treatments or cultivars. All of the root pieces from the 
endophyte inoculated plants produced growth from root endophytes at the end of 
the experiment, which matched the morphology of the original inoculants.

Figure 1: With the higher nitrogen (HI N) input, cold-stressed barley plants 
inoculated with Piriformospora indica flowered 5 days earlier than the control.

Figure 2: With the higher nitrogen (HI N) input, dry grain weight was 
22% greater than the control in cold-stressed barley plants 

inoculated with Piriformospora indica.

Discussion

This study has shown that the improvements in time taken to reach flowering 
and maturity, and the grain dry weight at harvest due to colonization by the 
fungal root endophyte Piriformospora indica in low temperature stressed barley 
are positively related to nutrient input. The 22% increase in grain yield represents 
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a massive economic benefit when projected onto agricultural scales. The shorter 
time required to reach flowering and maturity indicates that treatments based on P. 
indica inoculation of barley crops may even have the potential to extend the growing 
season in cooler climates. These results suggest that P. indica, despite its origin in hot 
desert conditions –and contrary to earlier reports (Serfling et al. 2007) - may persist 
and have significant beneficial effects in barley grown in cool temperate conditions, 
provided adequate nutrients are supplied. We found similar effects as other studies 
regarding P. indica-induced earlier flowering and higher biomass (Achatz et al. 
2010), but only for the HI nutrient input.

The results clearly demonstrate a positive relationship between total nutrient 
input and the beneficial effects due to P. indica colonization of barley grown in low 
temperature. The fertiliser used to feed the plants has a relatively small nitrogen 
content (14%) and relatively high phosphorous (10%) and potassium (27%) contents. 
Most agricultural fertilisers would normally contain a much higher proportion of 
nitrogen and lower proportions of phosphorous and potassium, so even at the HI 
nutrient input the amount of nitrogen available to the plants was relatively low. As 
it has been shown that P. indica colonization only produces beneficial effects for the 
barley with a higher nutrient input, it would seem that there is minimum amount 
of nitrogen that is needed for the fungus to produce a beneficial effect on barley 
grown at low temperature (this threshold amount lies somewhere between a total 
nitrogen input of 0.055g and 0.11g per plant, equivalent to between 4.1 x 10-4 and 
8.2 x 10-4g N per plant per day). Fungal endophytes must rely to a great extent on 
the nutrients they can obtain from the host plant, particularly for endophytes such 
as P. indica which have only a few nutrient scavenging structures external to the 
plant root (Deshmukh et al. 2006). The endophyte must compete with the host for 
available nutrients. With the lower nutrient input, the increased grain yield for the 
control plants relative to the endophyte treated plants indicates that the plant is 
outcompeting the endophyte and is sequestering most of the available nitrogen at 
the expense of the endophyte.

With low levels of nitrogen entering the system, the metabolic interdependence 
between host metabolism and fungal nutrient uptake (Lahrmann et al. 2013) 
combined with low temperatures may lead to reduced optimal metabolic 
processes in the endophyte (Sherameti et al. 2005). Low levels of nitrogen and 
reduced metabolic efficiency may also compromise the ability of the fungus to 
manufacture the amino acid tryptophan, which has been shown to be a key factor 
in the establishment of the barley-P. indica symbiosis (Hilbert et al. 2012). At low 
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temperature, P. indica can only increase barley grain yield above a certain threshold 
level of available nitrogen. With nitrogen input below the threshold level, P. indica 
colonization is slightly detrimental for barley yield, which contradicts the widely-
held belief that endophytes, and particularly P. indica, are always beneficial, or 
at least neutral, for the host. Even though nitrogen is strongly implicated as the 
limiting element for P. indica efficacy, a role for deficiencies of phosphorous and 
potassium (or even a micronutrient) cannot be ruled out.

In a recent review (Murphy, Doohan, and Hodkinson 2013) evidence is presented to 
support the view that endophytes can be either a ‘friend or foe’ to barley, depending 
on prevailing circumstances, and the current results seem to support that position. 
The neutral response of the plants to the proven biocontrol fungi C. globosum and E. 
nigrum also supports the conclusion that the particular combination of determining 
factors (e.g. genotypes, environment) necessary to promote benefits to the plants 
was not present for these two endophytes.

Higher yield associated with P.indica colonization in stressed plants is partly due 
to the endophyte-induced increase in antioxidant activity (Waller et al. 2005; 
Ansari et al. 2013; Harrach et al. 2013). Piriformospora indica associated stimulation 
of antioxidant activity in cold-stressed plants may be a contributory factor to the 
increase in grain yield shown in the current study, but only when the endophyte 
receives enough nitrogen to function optimally.
Some of the results from this study which contradict the findings from previous 
work may be directly due to the environmental conditions, particularly low 
temperature and nutrient status, and represent an important contribution to the 
growing body of knowledge regarding the Piriformospora indica-barley symbiosis. 
Further experiments, including field testing, which would involve fungal root 
endophyte colonization of barley using these organisms and others will give new 
insight into these results. Any further development of fungal root endophytes as 
inoculants for barley would have to demonstrate their ability to persist in the plant 
over the long term under field conditions. They would also have to demonstrate 
that they represent reliable alternatives to chemical treatments. The discovery 
of previously unrealised benefits associated with these fungi holds great future 
promise for developing economically and ecologically viable crop treatments for 
barley.
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Conclusions

Reducing agricultural inputs of nitrogen is of critical importance in the development 
of future strategies for more sustainable and environmentally friendly farming 
and these results suggest that tailoring the nutrient and endophyte treatment 
combination may provide part of the solution. Gan et al. (2012) make the point that 
the key to lowering the carbon footprint of barley is to increase grain yield, reduce 
nitrogen inputs and improve nitrogen use efficiency. Discovering and developing 
potentially beneficial endophyte treatments through experimentation such as ours 
may make a significant contribution towards reducing the carbon footprint of 
barley.

We have determined that under low temperature and nutrient stressed growing 
conditions, there is a threshold level of nitrogen input above which P. indica 
colonization will be beneficial for barley. Future global climate change will result 
in local alterations in growing conditions, and the contribution of fungal root 
endophytes in enabling successful cultivation of barley in previously unsuitable 
situations may become crucial.
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