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Externally supplied protein (bovine serum albumin, BSA) affects root development of Arabidopsis, increasing root
biomass, root hair length, and root thickness. While these changes in root morphology may enhance access to soil
microenvironments rich in organic matter, we show here that the presence of protein in the growth medium increases
the plant’s resilience to the root pathogen Cylindrocladium sp.

New evidence is emerging that large organic compounds
affect root architecture. Organic molecules such as amino
acids,1 DNA,2 and proteins3 increase root branching, root hair
length, and overall root length, and this has been interpreted
as enhancing root foraging in organic-matter rich sites.4 The
observed increase in root thickness is a response specific to
protein (BSA) in the growth medium3 and we assessed if it
affects the plant’s interaction with soil-borne fungal pathogen
Cylindrocladium sp.

Axenic Arabidopsis plants were grown on 30 mL of N-free
Murashige and Skoog (MS5) Basal Salt Solution (M0529,
Sigma-Aldrich, Australia) supplemented with 1% sucrose, 3 mM
CaCl2, 1.5 mM MgSO4 and 1.25 mM KH2PO4. The growth
medium was adjusted to pH 5.5 and 0.3% phytagel (Phytotech-
nologies, Kansas, USA) was used as solidifying substance. Nitro-
gen was added as replete inorganic N (IN) as (10 mM N
ammonium nitrate, 20 mM N), or low IN (4 mM N ammo-
nium nitrate), or low IN (4 mM N ammonium nitrate) C BSA
(16 mMN, to match the N concentration of the replete IN treat-
ment). Inoculated plants were kept in a growth chamber (21�C,
16h/8h day/night, 150 mmol m¡2 s¡1) and grown in a vertical
position for 2 weeks before being inoculated with a Cylindrocla-
dium sp. strain.

Cylindrocladium sp BRIP52551 (Plant Pathology Herbar-
ium, Department of Primary Industries, Queensland, Aus-
tralia) was grown on potato dextrose agar (PDA, Sigma-
Aldrich, Australia) plates for 1 week. Spores were prepared by
irrigation of plates with distilled water containing 0.01% (v/v)
Tween 20 and drained through Miracloth. Spores were col-
lected by centrifugation and resuspended in sterile water con-
taining 0.01% tween 20 to a final concentration of 100 spores
mL¡1. One mL of spore suspension was placed onto the

surface of roots of 2-week-old Arabidopsis plants (see above for
growth conditions). Plants were kept in the same growth con-
ditions except that a higher temperature (28�C) was used to
assist the growth of fungi. Control plants received distilled
water with 0.01% tween 20. Each plate contained 5 seedlings
and each treatment consisted of 3 plates. The experiment was
repeated 3 times independently.

The specificity of the infection and development of Cylindro-
cladium sp. were visualized by lactophenol-cotton blue staining
as described by Mendez-Moran et al. (2005).6 Cylindrocladium
sp hyphae were observed in leaves (Fig. 1A) confirming the dis-
ease progression to shoots. Disease symptoms are typical brown-
black discoloration of vascular tissues indicating Cylindrocladium
sp. infection, which continues via chlorosis and leaf death. Symp-
toms were scored as levels of infection using a susceptibility index
with 0, no evidence of disease; 1, � 10% of leaf area is brown-
black; 2, � 20%; 3, � 50%; 4, � 80%; and 5, � 100% of leaf
area affected (Fig. 1B). Disease scoring was performed at 5, 7, 9
and 13 days post inoculation (Fig. 1C).

The results showed that compared to plants supplied with
IN only, plants grown in presence of BSA were significantly
more resistant to fungal infection at 7, 9 and 13 dpi. The dif-
ferences between treatments observed at 5 dpi (Fig. 5C) were
not statistically significant. This observation implies that the
presence of BSA is associated with the increased resistance,
while the amount of N in the growth medium does not affect
defense responses against Cylindrocladium. There is evidence
that the presence of organic nutrients may reduce soil-borne
diseases (reviewed by 7-9). It is suggested that organic amend-
ments have biological or chemical properties affecting disease
agents directly or through stimulation of competitor microor-
ganisms, thereby increasing plant survival.10,11 Our finding
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confirmed that addition of BSA in the
medium increased Arabadopsis resistance to
Cylindrocladium sp. Since experimental
conditions were controlled we can rule out
a possibility of suppression of microbial
antagonists. The increase of root biomass
and root thickness induced by protein
(BSA) is presumably a factor that increases
the plant’s vigour, which can possibly lead
to the enhanced resistance to Cylindrocla-
dium sp. observed here. The next steps of
this research are to extend the scale to soil
and field testing to test the hypothesis that
the use of organic compounds has multiple
benefits for plant health and associated
growth.
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Figure 1. (A) Cotton blue staining of leaves con-
firming fungal infection (chitin-staining dye).
Leaves of Arabidopsis plants after 7 days inocula-
tion with Cylindrocladium sp. were stained and
viewed under microscope with hyphae appearing
in dark blue. (B) Visual disease scores for leaves of
plants infected with root pathogen Cylindrocla-
dium, 0 D no evidence of disease 1 D <10% 2 D
»20% 3 D »50% 4 D »80% 5 D 100% of adaxial
leaf area affected; scale bar divisions represent
1 mm. (C) Disease score per plant grown with IN
(20 or 4 mM N) or INCBSA (4C16 mM N). Scores
were made on 4 to 6 mature leaves per plant and
12 plants, dpi (days post inoculation). Different let-
ters indicate significant differences within each
time point (dpi) at P < 0.001 (ANOVA, Neuman–
Keuls post hoc test).
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