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Abstract The fungal root endophytes Chaetomium
globosum, Epicoccum nigrumand Piriformospora indicahave
value as biocontrol and biofertilising organisms in barley, but
have not been well tested at low temperatures. This study
assessed the efficacy of the endophytes on barley varieties
grown under low temperature stress with variable nutrient
input. Seed from three cultivars of spring barley were inocu-
lated with one of the three fungal root endophyte isolates –
C. globosum, E. nigrum or P. indica - and grown in low
temperature under higher and lower nutrient input regimes.
Compared with the control, for P.indica-inoculated plants with
the higher nutrient input, flowering was earlier and grain dry
weight significantly greater for all barley varieties by a mean
of 22 %. The nitrogen and carbon content of the grains did not
differ significantly between treatments. Chaetomium
globosum and Epicoccum nigrum conferred no significant
benefits under either nutrient regime. Piriformospora indica
is amenable to axenic culture, sporulates readily and can be
multiplied rapidly, suggesting that it could be developed as an
effective crop treatment in low temperature stressed barley
and may have the potential to increase crop yield in colder
growing conditions provided that adequate nutrients are
supplied.
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1 Introduction

Barley (Hordeum vulgare L.) is the world’s fourth most im-
portant cereal crop, grown on 56 Mha with a 2005 – 2008
mean production of 1.43×1011 kg (Newton et al. 2011). It can
be grown profitably on marginal, stress-prone land and is
more cold-tolerant than most other cereal crops (Visioni
et al. 2013). High inputs of chemical fertilisers, pesticides
and fungicides are required to maintain barley yields in less
than optimal growing conditions (Powell and Jutsum 1993;
Underwood 2000), so ways of reducing the economic and
ecological costs associated with chemical use are needed.
Biocontrol and biofertilisation treatments using fungal root
endophytes may help to reduce these costs while still main-
taining yield (Murphy et al. 2013).

Fungal root endophytes are non-mycorrhizal associates
that spend most or part of their lives within plant root tissue
without inducing pathogenic symptoms (Stone et al. 2004;
Schulz and Boyle 2006;Weiss et al. 2011). They are known to
infect a wide variety of plants, including many important
crops (Qiang et al. 2011). Benefits to barley and other plants
colonised by endophytic root fungi include increased yield
(Achatz et al. 2010; Fávaro et al. 2012), enhanced resistance to
pathogens and herbivores (Waller et al. 2008; Cheplick and
Faeth 2009; Felle et al. 2009; Rahnamaeian et al. 2009) and
increased abiotic stress tolerance (Waller et al. 2005;
Baltruschat et al. 2008; Redman et al. 2011).

One particular fungal root endophyte, Piriformospora
indica, discovered in north-west India in 1997 (Verma et al.
1998), has been extensively studied and reviewed (Singh et al.
2003; Ghahfarokhi and Goltapeh 2010; Qiang et al. 2011;
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Ansari et al. 2013; Unnikumar et al. 2013) and has become the
model experimental organism for the study of fungal root
endophyte interactions (Oelmüller et al. 2009). The complete
genome of P. indica has also recently been described (Zuccaro
et al. 2011). The barley-P. indica relationship has also been
well studied, and improvements in yield (Schäfer et al. 2009,
Achatz et al. 2010), salt tolerance (Waller et al. 2005;
Baltruschat et al. 2008) and pathogen resistance (Waller
et al. 2008; Felle et al. 2009; Rahnamaeian et al. 2009)
induced by the fungal colonization have all been demonstrat-
ed. At least one commercial product containing P. indicaas the
active component has been developed as a plant treatment
(Varma et al. 2012), and products using other endophytes have
also been marketed (Soytong et al. 2001; Rolston and Agee
2007). None of these products have managed to establish a
firm reputation for efficacy in all situations, due in most part to
confounding differences in growth conditions (anecdotal evi-
dence), but there are signs of significant promise in a recent
commercial launch (Jones 2013).

While Achatz et al. (2010) showed that there was no
relationship between nitrogen (N) input and P. indica coloni-
sation, Lahrmann et al. (2013) demonstrated that lower nitro-
gen (N) input was associated with greater colonisation of
barley roots by P. indica. A reduction in N fertilisation has
also been shown to increase endophyte concentration in the
leaves of the forage and amenity grass, Lolium perenne
(Rasmussen et al. 2007). Piriformospora indica is known to
survive and have beneficial effects on vegetables grown in
cold, arid desert conditions (Murugan 2011), but studies in
central European field experiments using winter wheat and
overwintering inoculants of P. indica produced no significant
increases in yield (Serfling et al. 2007). We aimed to deter-
mine if any of these effects translate to barley grown under
controlled low temperature and nutrient limitation stress. A
recent review of the fungal root endophytes of barley
emphasised that more work needs to be done on endophyte-
induced cold tolerance and nutrient limitation in barley
(Murphy et al. 2013). Our study partly addressed that need
by examining how P. indica and two other fungal root endo-
phytes (Chaetomium globosum and Epicoccum nigrum) inter-
act with different barley cultivars at low growing temperature
and nutrient limitation.

2 Materials and methods

2.1 Isolation of endophytes

Spring barley root samples from 16 random selections of the
cultivars ‘Overture’, ‘Propino’ and ‘Sy Taberna’ were collect-
ed prior to harvest from the Department of Agriculture,
Forestry and the Marine (DAFM) trials site at Backweston,
Co. Kildare, Ireland (53.348 N, 6.488W). Roots were washed

in running tap water and surface sterilised with 70 % ethanol
for 1 min, soaking for 4 mins in 5 % NaClO then rinsing three
times in sterile ultra-pure water. 28 root pieces of 5 mm length
were cut from each sample and distributed evenly between
two 900 mm culture dishes in half-strength Fluka modified
malt extract agar (Fluka 38954). Inoculated plates were incu-
bated in the dark at 27 C in ambient humidity and inspected
daily for any emergent fungal hyphae. Individual hyphal
extension growths were removed, and separately subcultured
on the same medium. Isolate cultures were incubated in the
dark at 27 C in ambient humidity for 28 days.

2.2 Endophyte selection

Endophyte isolates were grouped according to their colony
characteristics and 14 representative morphotypes were iden-
tified by using a combination of morphological and DNA
characters. For the DNA analysis, 20 mg of fungal material
was scraped from the agar surface and placed into shaker
tubes. DNA was extracted using a Qiagen DNeasy mini kit,
following the Qiagen protocol, producing 200 μl of DNA
extract for each isolate. PCR was carried out on the DNA
extracts using the ribosomal DNA (rDNA) internal tran-
scribed spacer (ITS) primers ITS4 and ITS5 (White et al.
1990). PCR products were cleaned up using Exonuclease
(New England Biolabs) and Shrimp Alkaline Phosphatase
(ExoSAP (Roche)). Purified PCR products underwent cycle
sequencing using the reverse ITS4 primer (4 pmol) or forward
ITS5 primer (4 pmol) in separate reactions with the ABI
BigDye 3.1 kit (Foster City, CA). The products were further
purified using a BigDye XTerminator purification kit and
protocol. DNAwas sequenced using an ABI Hitachi 3130xL
Genetic Analyzer. The isolate sequences were compared with
GenBank accessions using the Basic Local Alignment Search
Tool (BLAST), and identified using morphological and DNA
characters. Two of the fungal species isolated have been
reported as beneficial endophytes, Chaetomium globosum
13ENDPP12 (our GenBank accession: KF018413) (Soytong
et al. 2001; Dhingra et al. 2003; Soytong and Ratanacherdchai
2005) and Epicoccum nigrum 13ENDPP3 (our GenBank ac-
cession: KF018414) (Hashem and Ali 2004; Fávaro et al.
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 treat-
ments for this study.

2.3 Endophyte purification

Cultures for the experimental treatments were grown from
single spores. To obtain pure isolate cultures from which
spores could be harvested and in order to maintain and/or
stabilise important endophyte biochemical and physiological
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characteristics, a cultivation cycle was followed. Fungal
spores were collected from the initial isolate culture by rolling
a sterilised, moistened cocktail stick over the culture surface
and swirling it in a 2 ml microcentrifuge tube filled with pure
water. Fungal mycelium was regrown from single spores
obtained by swirling a sterilised metal probe in the spore
solution and streaking it on the half-strength Fluka 38954
medium. After incubation in the dark at 25 C, any plates that
had contaminants were discarded and pieces of the remaining
pure cultures were inoculated on sterilised barley seed in agar
dishes (see below for details). After germination and 1 week
of growth, root pieces were harvested and sterilised then
cultured on fresh agar dishes. Only endophyte cultures which
were confirmed as the original inoculant were used to harvest
further spores as treatments or to start the single spore storage
cycle again. This cycle provides a way of conserving the
desirable characteristics of the endophytes in the long term.

2.4 Barley cultivar selection

Untreated freshly collected seeds of 3 spring barley cultivars,
‘Frontier’, ‘Propino’ and ‘Soldo’, were used (Goldcrop Seeds,
Cork, Ireland). Seeds were stored in cool, dry, dark conditions
in sealed paper bags. Three barley cultivars were used in order
to obtain both cultivar-specific and combined results for all
cultivars. These cultivars were chosen as they are popular,
proven performers at low temperatures and they have different
characteristics, particularly for Pyrenophora teres (net blotch)
resistance. Frontier is of Danish origin (Cross: (Tavern) ×
[Annabell × (Lux × Ferment)]) and is widely grown. It is a
fully recommended cultivar, suitable for feed, and has high
yield potential and short straw with moderate susceptibility to
mildew and Rhynchosporium secalis infection. It is, however,
resistant to net blotch. Propino is a British cultivar (Cross:
(Quench × NFC Tipple)) suitable for both malting and feed,
with very high yield potential and good resistance to both
Rhynchosporium and net blotch. Soldo is of German origin
((NFC Tipple × Braemar) × NFC 401-17) and is new to the
market in 2013. It has high, reliable and early yield, and is
suitable for use as feed, with malting potential. In contrast to
Frontier and Propino, it is not known for good net blotch
resistance.

2.5 Experimental procedure

Seeds were surface-sterilised by soaking in 5 % NaClO for
2 h, rinsing 3 times with 70% ethanol and then rinsing 5 times
with pure water. The growth compost consisted of sterilised
coarse vermiculite to which was added 1.43 g P4 broadleaf
water absorbing polymer granules (Agricultural Polymers
International Ltd.) per 1.5 l of vermiculite. The compost
was dry mixed, moistened with tap water and placed

into 120×1.5 litre washed and sterilised (soaked for 2 h in
5 % NaClO then rinsed×5 with tap water) plastic pots.

Five seeds of each barley cultivar were sown at 30 mm
depth on top of 5 mm2 endophyte culture plugs (C. globosum,
E. nigrum, P. indica) or control pure agar plugs in 10 replicate
pots for each treatment, giving 30 replicate plants per treat-
ment (3×endophyte inoculated and 1×control). Pots were
placed into two controlled environment chambers, then ran-
domly relabelled with a single number (1–120) by a third
party, to produce a double-blind setup. The environmental
settings were programmed to produce a 9 h photoperiod at a
compost surface illumination of 210 μmol.m−2 s−1, a constant
temperature of 8 C and 70 % relative humidity. The photope-
riod was extended by 1.5 h every 3 weeks until it reached 15 h
(at day 84). The temperature was raised to 13 C at day 70 and
to 16 C at day 84. The temperature was therefore maintained
at the acclimation temperature of 8 C for the first half of the
growing period. The photoperiod was lengthened and temper-
ature raised to speed up plant development.

Three agar-filled covered culture dishes containing 5
sterilised seeds of each cultivar of barley were kept in the
growth chambers during the experimental period to monitor
any seed-produced endophyte growth. Further, agar-filled
covered culture dishes containing 5 split sterilised and
unsterilised seeds of each cultivar of barley were incubated
in the dark at 25 C.

The seedlings were thinned to 3 plants per pot 7 days after
germination. Plants were given a liquid fertiliser (Bayer
Phostrogen®) at each watering after germination. Half of the
plants were given lower nutrient inputs (LO) and half were
given higher (HI) nutrients; for the HI nutrient treatments, the
total nutrient input per pot was: ammoniacal N=0.04728 g,
ureic N=0.2836 g, Total N=0.3308 g, P=0.208 g, K=
0.5292 g, Mg=0.0344 g, S=0.0714 g, Ca=0.0338 g 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. These treatments were
shared among the three plants per pot. The HI treatment
contained the recommended input of fertiliser for
hydroponically-grown plants (2 g Bayer Phostrogen® per 5 l
water, see http://www.phostrogen.co.uk/gardenerscorner/
guides). To ensure healthy growth, the plants were sprayed
with plain water once a week and the aggregate washed
through with plain water monthly to remove any
accumulation of nutrient salts.

2.6 Measurements and data analysis

The number of days to reach each selected Zadoks stage
(Zadoks et al. 1974) was recorded for each plant. The height
of each plant was recorded prior to the increase in incubator
temperature from 8 to 13 C. Any disease or physiological
stress symptoms were recorded, and suspected diseases were
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identified both during and at the end of the experiment. There
were no visible sporulating structures produced on the
plants during the experiment so there was little, if any,
cross-contamination.

Plants were grown for 147 days (21 weeks) from date of
sowing (the approximate time required to reach maturity in
northern temperate field plantings), then harvested and proc-
essed over a period of 3 days. Pots were selected for process-
ing in random order, 40 pots per day. All plants had at least
reached flowering stage (Zadoks stage 61), and the most
advanced plants were at the soft dough stage (Zadoks stage
85). Fresh weights and measurements were recorded for
grains and above-ground parts, then all plant parts (including
roots) were separately dried in ovens for 1 week at 65 C, and
dry weights recorded. Measurements were made per pot of 3
plants and, in addition to fresh and dry weights, included the
number of tillers, number of heads, maximum number of
nodes per stem, height of plant to tip of highest awn and
number of grains.

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.

Treatment identity was only revealed after all measure-
ments had been made.

Four 5 mm pieces of mid-section root from each plant were
surface-sterilised and incubated on half-strength MEA at 25 C
in the dark to test for endophyte presence.

Data analysis by ANOVA was performed using the Data
Analysis modules provide by Microsoft Excel 2010®.

3 Results

3.1 Endophyte identities

We isolated 33 individual fungal cultures from the root pieces
of the 16 barley plants sampled. From these, we chose 14
representative fungal morphotypes. Of the 14 chosen isolates,
ten fungal species, representing 6 orders (Diaporthales,
Eurotiales, Helotiales, Pleosporales, Sordariales, Xylariales)
and 8 genera (Cadophora, Chaetomium, Epicoccum,
Gaeumannomyces, Leptodontidium, Microdochium,
Ophiosphaerella, Penicillium), were identified using a combi-
nation of BLAST searches with ITS DNA sequences and
morphological characteristics (Table 1). Five of these isolate
sequences which were of good quality were deposited in
GenBank (accessions KF018413 – KF018417). Mean ITS
sequence length for the GenBank deposits was 604 bp.
While most of the isolates have been reported as plant patho-
gens, only Chaetomium globosum 13ENDPP12 (GenBank
accession: KF018413) and Epicoccum nigrum 13ENDPP3

(GenBank accession: KF018414) are recognised biocontrol
organisms.

3.2 Early growth and development measurements

We compared early growth and development of the plants by
measuring the germination date, number of seeds germinated,
the height of the plant from compost surface to tip of topmost
leaf and the number of days from seed sowing to first flower.
Though there was very little difference in germination success
between treatments, the HI nutrient input plants flowered
significantly later than the LO nutrient input (2-way
ANOVA, F1,48 = 6.6, P= 0.013) . Pir i formospora
indica-inoculated plants subsequently performed better for
nearly all early growth and development parameters for both
LO and HI nutrient input (Table 2). A strong interaction was
indicated between nutrient input and number of days to
flowering (2-way ANOVA, F1,48=5.11, P=0.028), where
for the HI nutrient input P. indica-inoculated plants flowered
5 days earlier than the control. Piriformospora indica-inocu-
lated plants reached Zadoks stage 71 (kernel watery ripe)
7 days earlier than the control for HI nutrient input
(ANOVA, F1,28=7.59, P=0.01), but 2 days later for LO (data
not shown). The best performing barley cultivar-endophyte
combination was Propino with P. indica; under both nutrient
regimes, this combination was greater in height at temperature
change and flowered earlier (Supplementary Table S1).
Different barley cultivars have different growth and develop-
ment characteristics, but we found mostly minor differences
between cultivars (Table 3), though the net-blotch resistant
cultivars Frontier and Propino both had observably less early
disease load than the more susceptible Soldo.

All sterilised control seeds on agar in the growth chambers
had no external fungal growth after 7 days, and all germinated,
indicating that surface sterilisation was successful. The control
surface-sterilised split seeds produced mycelia (less than
10 mm diameter) of only one fungus, Pyrenophora teres,
attached to the seed after 7 days but the split unsterilised seeds
had produced at least 6–7 different types of fungal growth.

3.3 Harvest measurements

We compared final harvest characteristics of the plants by
measuring the height of the plant from compost surface to
the tip of the highest awn, number of tillers, the number of
heads, the number of grains, the fresh and dry weight of
grains, the fresh and dry weight of shoots and the dry weight
of roots. The number of tillers and heads per plant at harvest
was similar for all treatments (Table 4), but there were some
differences in the other harvest parameters. Compared with all
other treatments, mean root dry weight was greater and mean
shoot dry weight lower (though not significantly) in control
plants with LO nutrient inputs. Compared with the P. indica
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treatment, control plants also had the greatest mean dry weight
of grains with LO nutrient input (ANOVA, F1,24=3.27, P=
0.08). In contrast, the mean height and shoot dry weight were
both greater than the control for all endophytes. However,
under the HI nutrient input regime, the P. indica-inoculated
plants performed better in almost all respects compared with
all other treatments, despite having a lower mean height than
the control (ANOVA, F1,28=6.64, P=0.015). For HI nutrient
input, comparison of harvest parameters for P. indica treat-
ments and controls indicated 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 signif-
icantly greater grain dry weight (ANOVA, F1,24=4.75,

P=0.039) than the control. Shoot dry weight for the P.indica-
inoculated plants was also greater than the other treatments,
though not significantly. The barley cultivar-endophyte com-
bination of Soldo with P. indica had the greatest dry weight of
grains and the combination Propino-P. indica had the greatest
dry shoot weight (Supplementary Table S1).

While cultivar comparison between the HI and LO treat-
ments followed the expected pattern (greater values for the HI
treatments), the Soldo cultivar had a slightly lower grain dry
weight for the HI treatment (Table 5).

The nitrogen and carbon content of the grains did not differ
significantly between treatments (Table 6) or cultivars (a series
of 2-way ANOVAs with interaction statistics ranging from:

Table 1 Fungal root endophytes isolated from the roots of barley cultivars ‘Overture’, ‘Propino’ and ‘Sy Taberna’, and association with known
organisms

Isolate reference Closest BLAST match Order Max. identity/Query cover GenBank Accession

13ENDPP10 Cadophora sp. # Helotiales 90.8 %/27.5 %

13ENDPP12 Chaetomium globosum * Sordariales 98 %/100 % KF018413

13ENDPP14 Chaetomium sp. *# Sordariales 95.5 %/36.3 %

13ENDPP3 Epicoccum nigrum * Pleosporales 100 %/100 % KF018414

13ENDPP2 Gaeumannomyces graminis # Diaporthales 100 %/100 % KF018415

13ENDPP13 Leptodontidium orchidocola *# Helotiales 90.8 %/27.5 %

13ENDPP1 Microdochium bolleyi *# Xylariales 100 %/100 % KF018416

13ENDPP6 Microdochium nivale # Xylariales 95.9 %/85.5 %

13ENDPP5 Ophiosphaerella sp. # Pleosporales 95.7 %/65.7 %

13ENDPP11 Penicillium glabrum *# Eurotiales 99.7 %/100 % KF018417

* indicates that the fungus has been reported as a biocontrol organism, # indicates pathogenicity for at least some stage in the life cycle

Table 2 Mean growth and development values for 3 spring barley cultivars (Frontier, Propino and Soldo) inoculated with one of 3 fungal root
endophytes, grown at low temperature under two nutrient regimes (LO = lower nutrient input and HI = higher nutrient input)

Treatment Nutrients Germ days Germ no. Height cm Flower days

C. globosum LO 13 4.8 27 116

HI 14 4.5 27 121

E. nigrum LO 12 4.7 27.7 112

HI 13 4.5 28.2 119

P. indica LO 13 4.9 28.1 109

HI 13 4.6 31 111*

ALL endophytes LO 13 4.8 27.7 112

HI 13 4.5 28.8 117

Control LO 12 4.6 30.4 106

HI 13 4.7 29.4 116

Endos/Control LO 1.08 1.04 0.91 1.06

HI 1.03 0.96 0.98 1.01

Height is to tip of topmost leaf at day 69 temperature change from 8 C to 13 C. Germ days is number of days taken for germination to occur

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 *
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F1,48=0.25, P=0.62 to F1,48=0.11, P=0.74), but overall the
controls differed slightly for N (15 % greater), C (5 % greater)
and C/N (8 % lower) compared with the endophyte treatments
for both nutrient regimes.

Slight net-blotch infection was observed on 41 plants at
69 days from germination, rising to 74 plants (62 % of total
plants) at final harvest. However, the symptoms were not
severe, with the worst-affected plants having less than 50 %
of leaves with visible signs of infection. Net-blotch infection
symptoms were not significantly different for any of the
treatments (ANOVA, F1,118=0.56, P=0.45). 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.

4 Discussion

Two of the most important parameters used to determine the
effectiveness of any crop treatments are the time taken to reach
flowering and maturity and the grain dry weight at harvest.
Our results have shown that the improvements in these factors
due to colonization by the fungal root endophyte
Piriformospora indica in low temperature stressed barley are
positively related to nutrient input. 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 sup-
plied. This suggests that treatments based on P. indica inocu-
lation of barley crops may even have the potential to extend
the growing season in cooler climates. In contrast, coloniza-
tion by C. globosum and E. nigrum had no beneficial effects,
with barley plants having a neutral to negative response. Both
of these organisms have been associated with reduced patho-
gen infection in other crop species (Soytong et al. 2001;
Hashem and Ali 2004; Soytong and Ratanacherdchai 2005;
Istifada and McGee 2006; Fávaro et al. 2012), but under our
experimental conditions, these benefits were not shown for
barley.

The diversity among the fungal isolates identified from the
field collected barley roots was striking for such a small
number of individuals, and more extensive sampling may lead
to the discovery of even greater diversity among the fungal

Table 3 Mean growth and development values for 3 spring barley
cultivars (Frontier, Propino and Soldo) inoculated with one of 3 fungal
root endophytes, grown at low temperature under two nutrient regimes
(LO = lower nutrient input and HI = higher nutrient input)

Cultivar Nutrients Germ days Germ no. Height cm Flower days

Frontier LO 13 4.9 27.7 114

HI 14 4.7 26.3 121

Propino LO 12 4.6 27.7 111

HI 13 4.6 30.2 116

Soldo LO 13 4.8 29.7 108

HI 13 4.6 30.1 113

Totals LO 13 4.8 28 111

HI 13 4.6 29 116

Height is to tip of topmost leaf at day 69 temperature change from 8 C to
13 C. Germ days is number of days taken for germination to occur

All values are means per pot of 3 plants for each treatment (n=15). There
were no significant differences or interactions between treatments (2-way
ANOVA)

Table 4 Mean values at harvest for 3 spring barley cultivars (Frontier, Propino and Soldo) inoculated with one of 3 fungal root endophytes, grown at low
temperature under two nutrient regimes (LO = lower nutrient input and HI = higher nutrient input)

Treatment Nutrients Height cm No. tillers No. heads No. grains Fresh wt.
grains g

Fresh wt.
shoots g

Dry wt.
grains g

Dry wt. shoots g Dry wt.
roots g

C. globosum LO 77.1 10 7 131 9.34 19.81* 3.66 4.75 4.88

HI 92.3 10 7 160 11.38 23.40 4.30 4.80 6.72

E. nigrum LO 73.6 9 7 128 10.10 18.74 3.79 4.39 4.55

HI 91.8 9 6 130 9.05 22.03 3.50 4.87 8.13

P. indica LO 74.9 9 7 126 9.42 17.64 3.66 4.29 4.88

HI 82.3 11 8 168 13.02 25.01 5.19* 6.29 6.35

ALL endophytes LO 75.2 9 7 128 9.62 18.73 3.70 4.47 4.77

HI 88.8 10 7 153 11.15 23.48 4.33 5.31 7.07

Control LO 68.0 9 7 126 9.36 15.27 4.68 3.97 6.88

HI 94.3 10 7 162 11.50 24.41 4.26 5.70 7.93

Endos/Control LO 1.11 1.03 0.98 1.02 1.03 1.23 0.79 1.13 0.68

HI 0.94 0.95 1.01 0.95 0.97 0.96 1.02 0.93 0.78

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 *
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root endophytes of barley. Although some of the isolates are
known barley pathogens (Cadophora sp., Gaeumannomyces
graminis, Microdochium nivale) , the biocontrol/
biofertilisation potential of several other isolates has not been
extensively studied. Of these, Penicillium glabrummay hold
the greatest promise. In unpublished work, we have found this
fungus to aggressively supress barley pathogens in vitro, and
it is extremely easy to culture and propagate, and sporulates
readily on several different media. Another interesting feature
of P. glabrum is high cellulolytic activity (Sukumaran et al.
2005; Karboune et al. 2008; de Castro et al. 2010) and it’s
remarkable efficiency in extracting fermentable sugars from
oil palm empty fruit bunch (Cabezas et al. 2012).

Previous studies which examined the effects of different
nutrient regimes on the efficacy of P. indica in barley have
found either no significant consistent relationship (Achatz
et al. 2010) or a diametrical relationship (Lahrmann et al.
2013). Achatz et al. (2010) showed that higher grain yield in
barley was induced by P. indicacolonization, independently of
markedly different phosphate (P) and nitrogen (N) fertilisation
levels. Lahrmann et al. (2013) found that P. indicacolonisation
of Arabidopsis thaliana was increased due to lower N input.
Increased colonisation and activity by P. indicadue to lower N
input has also been shown in the related grassy species Lolium
perenne (Rasmussen et al. 2007). Though we did not quantify
absolute levels of P. indica root colonization, the fungus was
present in the associated root samples tested at the end of the
experiment. We found similar effects as other studies regard-
ing P. indica-induced earlier flowering and higher biomass
(Achatz et al. 2010; Das et al. 2012), but, again, only for the
HI nutrient input.

Proportions of total N and C in the grains did not differ
significantly between treatments, although the controls did
accumulate slightly higher proportions of both N and C in
the grains. The relatively high N content of the grain under
both nutrient regimes for the 3 cultivars we used suggests that
under our particular growth conditions all three are unsuitable
for malting. The United Kingdom malt industry (http://www.
ukmalt.com/barley-requirements) requires a crude protein
content of between 10 and 10.9 % (equivalent to 1.6 – 1.
75 % total N), and our higher values for N (a mean of 2.05 %)
indicates a below-optimum starch content in the grains
(Broadbent and Palmer 2001). Under field conditions, the
increased light available for photosynthesis and starch synthe-
sis would be expected to produce an altered (and potentially
more favourable for the malting industry) C/N ratio.

Our results clearly demonstrate a positive relationship be-
tween total nutrient input and the beneficial effects due to
P. indica colonization of barley grown in low temperature.

Table 5 Mean values at harvest for 3 spring barley cultivars (Frontier, Propino and Soldo) inoculated with one of 3 fungal root endophytes, grown at low
temperature under two nutrient regimes (LO = lower nutrient input and HI = higher nutrient input)

Cultivar Nutrients Height cm No. tillers No. heads No. grains Fresh wt.
grains g

Fresh wt.
shoots g

Dry wt.
grains g

Dry wt.
shoots g

Dry wt.
roots g

Frontier LO 69.9 9.7 7.4 118 8.6 16.4 3.3 3.8 14.6

HI 91.8 10.3 7.9 166 11.8 25.1 4.3 5.9 18.4

Propino LO 80.3 9.1 7.0 137 9.6 20.1 4.1 5.4 16.5

HI 98.5 10.6 7.0 162 11.4 25.3 4.4 5.9 18.3

Soldo LO 70.0 8.4 6.8 129 10.5 17.1 4.5 3.8 13.3

HI 80.1 9.0 6.7 138 10.6 20.9 4.2 4.4 15.2

Totals LO 74.4 9.1 7.1 129 9.6 18.3 3.9 4.5 14.9

HI 89.4 9.8 7 152 11 23.7 4.2 5.5 17.1

All values are means per pot of 3 plants for each treatment (n=15). There were no significant differences or interactions between treatments (2-way
ANOVA)

Table 6 Mean total nitrogen and carbon content of barley grain from 3
spring barley cultivars (Frontier, Propino and Soldo) inoculated with one
of 3 fungal root endophytes, grown at low temperature 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). There
were no significant differences or interactions between treatments (2-way
ANOVA)

Treatment Nutrients Total N% Total C% C/N ratio

C. globosum LO 1.95 40.51 20.77

HI 1.80 39.92 22.18

E. nigrum LO 2.00 40.25 20.13

HI 2.01 40.88 20.34

P. indica LO 2.15 40.83 18.99

HI 1.99 40.54 20.37

ALL endophytes LO 2.03 40.53 19.97

HI 1.93 40.45 20.96

Control LO 2.51 43.93 17.50

HI 2.04 41.44 20.31

Endos/Control LO 0.81 0.92 1.14

HI 0.95 0.98 1.03
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Clues as to the elemental limiting factor may be found in the
fertiliser ‘recipe’ because Bayer Phostrogen® plant food is
remarkable for its relatively low N (14 %) and relatively high
P (10 %) and K (27 %) contents. In general, agricultural
fertilisers would normally contain at least the same proportion
of N as K, and often more, so even at our HI nutrient input the
amount of N available to the plants was relatively low. As we
have shown that P. indica colonization only produces benefi-
cial effects for the barley with a higher nutrient input, it would
seem that there is minimum amount of N that is needed for the
fungus to produce a beneficial effect on barley grown at low
temperature, and that this value lies somewhere between a
total N input of 0.055 g and 0.11 g per plant. This translates to
between 4.1 × 10−4 and 8.2 × 10−4g N per plant per day.

But in which partner is N limiting? Mycorrhizal fungal
hyphae have been shown to absorb N more efficiently than
plant roots (Chalot and Brun 1998; Hodge et al. 2001; Phillips
et al. 2012), but this may not be true for endophytes such as
P. indica which have relatively fewer scavenging hyphae
external to the plant root (Deshmukh et al. 2006; Schafer
and Kogel 2009). With LO nutrient input, the increased grain
yield for the control plants relative to the endophyte treated
plants indicates that the plant is sequestering N at the expense
of the endophyte.

With low levels of N entering the system, the metabolic
interdependence between host metabolism and fungal nutrient
uptake (Lahrmann et al. 2013) combined with low tempera-
tures may lead to reduced optimal metabolic processes in the
endophyte, particularly affecting P. indica-induced increases in
nitrate reductase activity (Sherameti et al. 2005). Low levels of
N and reduced metabolic efficiency may also compromise the
ability of the fungus to manufacture the amino acid tryptophan.
Tryptophan is a precursor for the manufacture of indole acetic
acid (IAA), which has been shown to be a key factor in the
establishment of the barley-P. indica symbiosis (Hilbert et al.
2012; Waqas et al. 2012). At low temperature, P. indica can
only increase barley grain yield above a certain threshold level
of available nitrogen. Zuccaro et al. (2011) reported on the lack
of genes for nitrogen metabolism in the genome of P. indica,
and the activity of the associated proteins may be limited by
low temperature and low N. With N 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. In recent reviews (Murphy 2013;
Murphy et al. 2013) evidence is presented to support the view
that endophytes can be either a ‘friend or foe’ to barley, de-
pending on prevailing circumstances, and our results seem to
support that position. The neutral response of the plants to the
proven biocontrol fungi C. globosum and E. nigrum also sup-
ports the conclusion that the particular combination of deter-
mining factors (e.g. genotypes, environment) necessary to pro-
mote benefits to the plants was not present.

Photosynthetic capacity rises with increasing nitrogen con-
tent but the temperature optimum for protein synthesis is
related to acclimation temperature. For wheat grown at an
acclimation temperature similar to ours (8 C) protein synthesis
is optimal at 27.5 C (Larcher 2003), so the related N utilisation
was also unlikely to be optimal at our maximum growth
temperature of 16 C. Phostrogen® contains approximately 6
times the amount of ureic N than ammoniacal N, and any
detrimental effects due to a high ratio of N supplied as am-
monium are probably not present (Kaldorf et al. 2005). Even
though N is strongly implicated as the limiting element for
P. indica efficacy, a role for deficiencies of P and K (or even a
micronutrient) cannot be ruled out.

Paradoxically, despite performing best in almost all re-
spects with HI nutrient input, the P. indica inoculated plants
had a lower mean height than all other treatments. The growth
promoting effects related to P. indica colonization are well
documented (Oelmüller et al. 2009; Franken 2012), and this
is reflected in our result of greater biomass for the P. indica-
inoculated plants. The lower height may result from an earlier
cessation of apical growth due to earlier flowering and matu-
ration induced by the endophyte (Achatz et al. 2010).

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; Kumar et al. 2009;
Sun et al. 2010; Ansari et al. 2013; Harrach et al. 2013).
Photodamage of PS1, and a consequent reduction of photo-
synthetic efficiency and growth/yield, has been observed in
low light illumination at chilling temperatures, resulting from
reduced activity of active oxygen-scavenging enzymes (Tjus
et al. 1998). Piriformospora indica associated stimulation of
antioxidant activity may be a contributory factor to stress
response in our study, though perhaps somewhat attenuated
by the low temperature.

The increase in shoot biomass and grain yield associated
with P. indica colonization was not reflected in root biomass,
where there was a relative decrease in root biomass over shoot
biomass. An endophyte-induced relative increase in root bio-
mass over shoot biomass has been demonstrated in some grass
species (Czarnoleski et al. 2012) including rice (Redman et al.
2011). Under our specific conditions, resources seem to have
been preferentially allocated to above-ground parts for
P. indica-colonized plants.

Seed-borne pathogens are particularly difficult to control,
and we found that over half of the plants developed symptoms
of Pyrenophora teres (net blotch) infection even though the
seeds were sterilised before sowing. Although research using
related cereal crops (Poling et al. 2008) has demonstrated an
endophyte-mediated resistance to Pyrenophora teres (net
blotch) and other seed-borne infections, protection against
these pathogens related to endophyte colonization in barley
has not yet been well studied. Endophyte-induced antimicro-
bial metabolites similar to those described in Poling et al.
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(2008) have been detected in barley (Nukina et al. 1979).
Further work using controlled infection by P. teresmay reveal
endophyte-induced pathogen resistance in barley.

The challenge now is to extend research under these
conditions into more realistic field experiments, particu-
larly with regard to the potential contribution of N-
fixing soil bacteria to any deliberate shortfalls in
fertiliser application. Reducing agricultural inputs of N
is of critical importance in the development of future
strategies for more sustainable and environmentally
friendly farming (Dobermann and Nelson 2013) and
our results suggest that tailoring the nutrient and endo-
phyte 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 N inputs and improve N
use efficiency. Discovering and developing potentially
beneficial endophyte treatments through experimentation
such as ours may make a significant contribution to-
wards reducing the carbon footprint of barley.

We have determined that under low temperature and
nutrient stressed growing conditions, there is a threshold
level of N 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 en-
abling successful cultivation of barley in normally un-
suitable situations may become crucial.

Some of the results from our 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 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 inoc-
ulants for barley would have to demonstrate their ability to
persist in the plant over the long term under natural conditions.
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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