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ABSTRACT

In a microcosm experiment, soils were treated with selected cucumber root exudates
components (glucose, succinic acid, p-hydroxybenzoic acid, p-coumaric acid and glutamic acid)
at 20 pg C/g soil. The Soil Trichoderma spp. community structure and abundance were estimated
by PCR-denaturing gradient gel electrophoresis and quantitative PCR, respectively. Results
showed that all exogenously added organic compounds changed the structure and increased the
diversity indices of soil Trichoderma spp. community. Among all tested organic compounds,
glucose had the strongest, while, p-hydroxybenzoic acid had the weakest influence on soil
Trichoderma spp. community structure. p-Hydroxy benzoic acid, glucose, succinic acid and
glutamic acid increased the soil Trichoderma spp. community abundance with glucose being the
best.
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INTRODUCTION

In terrestrial ecosystems, higher plants release significant amounts of
photosynthetically fixed carbon into the rhizosphere through root exudates (2,12). These
include low molecular weight compounds (organic acids, amino acids and sugars) and high
molecular weight compounds such as mucilage and proteins (2,22). Plants use root
exudates as chemical signals to monitor and interact with their surroundings and root
exudates play important roles in plant-plant and plant-microbe interactions (2,23,24,30,39).
For example, one plant species can inhibit the growth of another species through its root
exudates, a phenomenon known as allelopathy (16). There are numerous microorganisms
in the soil and plant-microbial interactions can strongly influence the plants performance
(21,29,34,46,47). Easily available organic compounds in root exudates stimulate the
microorganisms  (2,37). Moreover, through root exudation, plants can select
microorganisms in the rhizosphere to their own benefit, deter pathogenic microorganisms,
while, attracting the mutualistic organisms (6).

Fungi show the greatest eukaryotic diversity on the planet and they are one of the
primary decomposers in the ecosystem (1,3,5). Fungi can behave as mutualists as well as
pathogens of plants and have great influences on the crop productivity in agroecosystems
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(3,10,28,46). Trichoderma spp. are opportunistic, avirulent plant symbionts, as well as are
fungal parasites and have the ability to control the plant pathogenic fungi and promote the
plant growth and development (15,25,26). Previous studies showed that Trichoderma spp.
can metabolize organic acids, such as oxalic, malic and citric acids (41) and plant-released
sucrose plays an important role in symbiotic association between Trichoderma virens and
maize (36). However, the influences of different plant root exudate components on
Trichoderma spp. in soil is still not clear.

Cucumber (Cucumis sativus L.) is a popular vegetable that is continuously cropped
under greenhouse conditions (32,50). Root exudates from cucumber contains sugars such
as glucose and fructose, organic acids such as citric, malic and succinic acids and phenolic
acids, amino acids serine, glutamic acid aspartic acid and phenolic acids (20,30,35,40).
Phenolic acids, such as p-hydroxybenzoic and p-coumaric acids are phytotoxic to
cucumber growth (30,40). Previously, we found that phenolic acids were able to change
the cucumber rhizosphere soil microbial and Trichoderma spp. communities
(17,38,42,49,52). In this study, we further evaluated the effects of selected main
components of cucumber root exudates on the soil Trichoderma spp. communities.

MATERIALS AND METHODS

Microcosm experiment

The soil used was collected from the undisturbed upper soil layer (0-15 cm) of an
open field in our Experimental Station, Northeast Agricultural University, Harbin, China
(45°41°N, 126°37’E, mean height above sea level: 127.95 m, annual precipitation: 524.5
mm, maximum and minimum temperature: 36.7°C, -37.7°C). The soil was sandy loam,
contained organic matter: 3.67%, available N: 89.02 mg/kg, available P: 63.36 mg/kg,
available K: 119.15 mg/kg, EC (1:2.5, w/v): 0.33 mS/cm and pH (1:2.5, w/v): 7.78 (43).

Microcosm experiment was performed in flasks containing 60 g fresh soil (sieved
through 2-mm mesh). To stabilize the soil microbial communities, these soils were
pre-incubated at 20°C in the dark for five days with soil water content maintained at about
50% of its water holding capacity. Then, ammonium nitrate (NH4NOs) solution was added
to the soils at 450 pug N/g soil to avoid potential microbial growth limitation by nitrogen
(31). Organic compounds were added into the soil periodically as described before (31).
Glucose, succinic acid, p-hydroxybenzoic acid, p-coumaric acid and glutamic acid were
added to the soil 20 ug C/g soil every two days for five times. Soils treated with distilled
water served as control. All added solutions were uniformly mixed with the soil after each
addition to avoid concentration gradients. Each treatment had five flasks and replicated
thrice. The solution pH was adjusted to 7.0 with 0.1 M NaOH because the soil pH is a
dominant factor that regulates soil microbial communities (13). Flasks containing these
treated soils were sealed with Parafilm (Bemis Company, Inc., Wisconsin, USA) and
incubated at 20°C in the dark. Soil water content was maintained at about 50% of its water
holding capacity. All organic compounds used in this study were purchased from Solarbio
Life Science Company, Beijing, China.
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Soil sampling and DNA extraction

One day after the fifth application (11th day) of organic compounds, ten g fresh
soils were sampled from each flask with a sterilized lab spoon and soils from five flasks in
each replicate were mixed to make a composite sample. Total soil DNA was extracted with
the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, USA) as per the
manufacturer’s instructions.
PCR-DGGE analysis

Trichoderma spp. community structure was analyzed by PCR-DGGE method.
Trichoderma spp. partial ITS region was amplified with nest PCR protocols as described
before (45). Primer sets of ITSIF/ITSATrR and ITSTrF-GC/ITSTrR were used in the first
and second round of PCR amplifications, respectively (27). DGGE analysis was performed
on a 6% (w/v) acrylamide gel with 40-60% denaturant gradient. The gel was
electrophoresed, stained and photographed as described before (45).
Quantitative PCR assay

Trichoderma spp. community abundance was estimated by SYBR Green qPCR
assays with an 1Q5 real-time PCR system (Bio-Rad Lab, LA, USA) as described before
(45,52). Trichoderma spp. partial ITS regions were quantified with primer set of uTr/uTr
(14). Standard curves were created with 10-fold dilution series of plasmids containing the
ITS regions from soil samples. Threshold cycle (Ct) values obtained for each sample were
compared with the standard curve to determine the initial copy number of the target gene.
Sterile water was used as a negative control to replace the template. All amplifications
were performed in triplicate.
Statistical analysis

Banding patterns of the DGGE profiles were analyzed using Quantity One V4.5 as
described before (50). Principal component analysis (PCA) was used to compare the
banding patterns between samples with normalized data using Canoco for Windows 4.5
software (44). Analysis of similarities (ANOSIM) was used to test for the overall effect of
treatment on microbial community structures using the Vegan package in ‘R’. Bray-Curtis
distances among treatments were calculated using the Vegan package in ‘R’. The microbial
community diversity indices, including number of bands, Shannon-Wiener index and
evenness index, were calculated as described before (44). Data were analyzed following
analysis of variance (ANOVA) and mean comparison between treatments was performed
based on the Tukey's honestly significant difference (HSD) test at 0.05 probability level.

RESULTS AND DISCUSSION

Trichoderma spp. community structure

DGGE banding patterns of the Trichoderma spp. community were similar in
triplicate samples of each treatment (Fig 1a). However, there were differences among
treatments, both in terms of presence/absence of individual DGGE bands and the intensity
of co-migrating DGGE bands.
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Figure 1. PCR-DGGE profile (a) and PCA analysis (b) of soil Trichoderma spp. community.
pHA, pCA, G, SA, GA and W represent soils treated with p-hydroxybenzoic acid, p-coumaric
acid, glucose, succinic acid, glutamic acid and water, respectively.

On the PCA plot of soil Trichoderma spp. community DGGE profiles, the first two
axes together accounted for 79.6% of the total variation (Fig. 1b). PCA analysis clearly
separated all the treatments from each other (Fig. 1b). ANOSIM analysis also confirmed
that Trichoderma spp. community structure significantly differed among the treatments
(R=0.999, P=0.001). On the PCA plot, among all treatments of organic compounds, the
treatment with glucose had the furthest distance with the treatment of water (Fig. 1b). The
Bray-Curtis distance between the treatment of water and glucose was larger than those
between the treatments of water and other organic compounds (P <0.05) (Fig. 2a).
Moreover, the Bray-Curtis distance between the treatment of water and p-hydroxybenzoic
acid was smaller than between the treatment of water and treatments of p-coumaric acid,
succinic acid and glutamic acid (P <0.05). Therefore, glucose had the strongest while
p-hydroxybenzoic acid had the weakest influence on Trichoderma spp. community
structure among all tested organic compounds. These results were in contradictory to the
observation that succinic and glutamic acids had stronger influence on the whole bacterial
community structure (unpublished data).
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Figure 2. Bray-Curtis distances between control and treatments of organic compounds (a) and
abundance (b) of soil Trichoderma spp. community.

pHA, pCA, G, SA, GA and W represent soils treated with p-hydroxybenzoic acid, p-coumaric acid,
glucose, succinic acid, glutamic acid and water, respectively. Values with different letters were
significantly different between treatments (P<0.05, Tukey’s HSD test).

All organic compounds increased the number of bands, Shannon-Wiener and
Evenness indices (50) of soil Trichoderma spp. community (P <0.05) (Fig. 3). The
p-hydroxybenzoic acid treatment had lower number of bands, Shannon-Wiener and
Evenness indices than treatments with p-coumaric acid, glucose, succinic acid and
glutamic acid (P <0.05). Moreover, succinic acid treatment had higher Shannon-Wiener
and Evenness indices than treatments of p-coumaric acid and glucose (P <0.05).
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Figure 3. Effects of selected root exudate components on soil Trichoderma spp. community diversity.
pHA, pCA, G, SA, GA and W represent soils treated with p-hydroxybenzoic acid, p-coumaric acid,
glucose, succinic acid, glutamic acid and water, respectively. Values with different letters were
significantly different between treatments (P<0.05, Tukey’s HSD test).



262 Zhou et al.

Trichoderma spp. community abundance

All organic compounds, except p-coumaric acid, increased the soil Trichoderma
spp. community abundance (P <0.05) (Fig 2b). Among all treatments, the treatment with
glucose had the highest abundance of soil Trichoderma spp. community abundance (P
<0.05). Succinic acid and glutamic acid treatments had higher soil Trichoderma spp.
community abundance than the p-hydroxybenzoic acid and p-coumaric acid treatments (P
<0.05). However, the in-vitro effects of these compounds on Trichoderma spp. are not
clear, which should be investigated in the future.

Root exudates can serve as selective agents, through which a plant regulates the
microbial community in its surrounding rhizosphere (2,52). Our results showed that all
organic compounds change the soil Trichoderma spp. community structure. This is
consistent with our previous study showing that some phenolic compounds, such as
vanillin and vanillic acid, changed the cucumber rhizosphere soil Trichoderma spp.
community structure (8,45).

Some species of Trichoderma spp. were able to degrade the sugars, phenolic
compounds and other organic acids (7,36,41). Therefore, Trichoderma spp. might use
p-hydroxybenzoic acid, glucose, succinic acid and glutamic acid as carbon resources in the
soil environment. Previously, we found that vanillin and vanillic acid but not syringic acid
changed the community structure and increased the abundance of cucumber rhizosphere
soil Trichoderma spp. community (8,42,45). In this study, p-hydroxybenzoic acid but not
p-coumaric acid increased the soil Trichoderma spp. community abundance. Thus, various
phenolic compounds from cucumber play different roles in the interactions between the
cucumber and Trichoderma spp. community.

The tested organic compounds had different influences on Trichoderma spp.
community structure and abundance, suggesting that these various compounds play
different roles in plant-microbial interactions. Similarly, previous studies have shown that
various organic compounds had different effects on total soil total bacterial and fungal
communities (11,31). Therefore, different components of root exudates have different
selection effects on the whole soil microbial community and also perhaps on specific
microbial taxa (such as Trichoderma spp.).

In agricultural ecosystems, continuous monocropping of same crop in the same land
usually negatively affects the crop growth, a phenomenon known as ‘soil sickness’
(4,19,44,46,48). Accumulation of autotoxins, such as phenolic compounds, is one of the
major causal agents of soil sickness (17,18,33). The structure and function of a soil
microbial community are tightly linked and changes in microbial community's structure
can alter its function (1,4,9,47). For example, p-coumaric acid could change the cucumber
rhizosphere microbial community, which in turn exerts negative effects on the cucumber
growth (52). In this study, p-coumaric acid increased the diversity but had no influence on
the abundance of Trichoderma spp. community, indicating that p-coumaric acid promotes
some taxa while inhibits other Trichoderma spp. However, this should be validated in
future studies.
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CONCLUSIONS

The exogenously added p-hydroxybenzoic acid, p-coumaric acid, glucose, succinic

acid and glutamic acid changed the structure and increased the diversity indices of soil
Trichoderma spp. community. p-Hydroxybenzoic acid, glucose, succinic acid and glutamic
acid increased the soil Trichoderma spp. community abundance. Among all tested organic
compounds, glucose had the strongest while p-hydroxybenzoic acid had the weakest
influence on Trichoderma spp. community structure.

ACKNOWLEDGMENTS

This work was supported by the University Nursing Programme for Young Scholars

with Creative Talents in Heilongjiang Province (UNPYSCT-2015002).

10.

11.

12.

13.

14.

REFERENCES

Adhikari, D., Jiang, T.Y., Kawagoe, T., Kai, T., Kubota, K., Araki, K.S. and Kubo, M. (2017). Relationship
among phosphorus circulation activity, bacterial biomass, pH and mineral concentration in agricultural soil.
Microorganisms 5: 79.

Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S. and Vivanco, J.M. (2006). The role of root exudates in
rhizosphere interactions with plants and other organisms. Annual Review of Plant Biology 57: 233-266.
Bardgett, R.D. and van der Putten, W.H. (2014). Belowground biodiversity and ecosystem functioning.
Nature 515: 505-511.

Bever, J.D., Platt, T.G. and Morton, E.R. (2012). Microbial population and community dynamics on plant
roots and their feedbacks on plant communities. Annual Review of Microbiology 66: 265-283.

Bini, D., dos Santos, C.A., da Silva, M.C.P., Bonfim, J.A., and Cardoso, E.J.B.N. (2018). Intercropping
Acacia mangium stimulates AMF colonization and soil phosphatase activity in Eucalyptus grandis. Scientia
Agricola 75: 102-110.

Chaparro, J.M., Badri, D.V. and Vivanco, J.M. (2014). Rhizosphere microbiome assemblage is affected by
plant development. The ISME Journal 8: 790-803.

Chen, L., Yang, X., Raza, W., Li, J., Liu, Y., Qiu, M., Zhang, F. and Shen, Q. (2011). Trichoderma harzianum
SQR-TO037 rapidly degrades allelochemicals in rhizospheres of continuously cropped cucumbers. Applied
Microbiology and Biotechnology 89: 1653-1663.

Chen, S.C., Yu, H.J., Zhou, X.G. and Wu, F.Z. (2018). Cucumber (Cucumis sativus L.) seedling rhizosphere
Trichoderma and Fusarium spp. communities altered by vanillic acid. Frontiers in Microbiology 9: 2195.
Davis, D.A., Malone, S.L. and Lovell, C.R. (2018). Responses of salt marsh plant rhizosphere diazotroph
assemblages to drought. Microorganisms 6: 27.

de Novais, C.B., Pepe, A., Siqueira, J.O., Giovannetti, M. and Sbrana, C. (2017). Compatibility and
incompatibility in hyphal anastomosis of arbuscular mycorrhizal fungi. Scientia Agricola 74: 411-416.

Eilers, K.G., Lauber, C.L., Knight, R. and Fierer, N. (2010). Shifts in bacterial community structure
associated with inputs of low molecular weight carbon compounds to soil. Soil Biology and Biochemistry 42:
896-903.

Edwards, K.R., Kastovska, E., Borovec, J., Santruckova, H. and Picek, T. (2018). Species effects and
seasonal trends on plant efflux quantity and quality in a spruce swamp forest. Plant and Soil 426: 179-196.
Fierer, N. and Jackson, R.B. (2006). The diversity and biogeography of soil bacterial communities.
Proceedings, National Academy of Sciences of the United States of America 103: 626-631.

Hagn, A., Wallisch, S., Radl, V., Charles Munch, J. and Schloter, M. (2007). A new cultivation independent
approach to detect and monitor common Trichoderma species in soils. Journal of Microbiological Methods
69: 86-92.


http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Bini,%20D&dais_id=3054736&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=dos%20Santos,%20CA&dais_id=28206421&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=da%20Silva,%20MCP&dais_id=14147098&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Bonfim,%20JA&dais_id=4129594&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Cardoso,%20EJBN&dais_id=372513&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Pepe,%20A&dais_id=4371144&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Siqueira,%20JO&dais_id=305604&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Giovannetti,%20M&dais_id=247854&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Sbrana,%20C&dais_id=591620&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Edwards,%20KR&dais_id=313279&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Kastovska,%20E&dais_id=2514730&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Borovec,%20J&dais_id=1861491&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Santruckova,%20H&dais_id=298840&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Picek,%20T&dais_id=868197&excludeEventConfig=ExcludeIfFromFullRecPage

264

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

Zhou et al.

Harman, G.E., Howell, C.R., Viterbo, A., Chet, I. and Lorito, M. (2004). Trichoderma species-opportunistic,
avirulent plant symbionts. Nature Reviews Microbiology 2: 43-56.

Inderjit, Wardle, D.A., Karban, R. and Callaway, R.M. (2011). The ecosystem and evolutionary contexts of
allelopathy. Trends in Ecology & Evolution 26: 655-662.

Jia, H.T., Chen, S.C., Yang, S.Y., Shen, Y.H., Qiao, P.L., Wu, F.Z. and Zhou, X.G. (2018). Effects of vanillin
on cucumber rhizosphere bacterial community. Allelopathy Journal 44: 191-200.

Jia, X.L., Wang, H.B., Ye, J.H., Wang, F.Q., Lu, L., Hu, Y.L., Zheng, M.Z., Zhang, Q. and Wu, C.Z. (2018).
Identification of allelochemicals responsible for soil degradation in continuously cropped Tea plantations.
Allelopathy Journal 45: 1-12.

Jin, X., Wang, J., Li, D., Wu, F. and Zhou, X. (2019). Rotations with Indian mustard and wild rocket
suppressed cucumber Fusarium wilt disease and changed rhizosphere bacterial communities.
Microorganisms 7: 57.

Kamilova, F., Kravchenko, L.V., Shaposhnikov, A.l., Azarova, T., Makarova, N. and Lugtenberg, B. (2006).
Organic acids, sugars and L-tryptophane in exudates of vegetables growing on stonewool and their effects on
activities of rhizosphere bacteria. Molecular Plant-Microbe Interactions 19: 250-256.

Kandel, S.L., Joubert, P.M. and Doty, S.L. (2017). Bacterial endophyte colonization and distribution within
plants. Microorganisms 5: 77.

Kidd, D.R., Ryan, M.H., Hahne, D., Haling, R.E., Lambers, H., Sandral, G.A., Simpson, R.J. and Cawthray,
G.R. (2018). The carboxylate composition of rhizosheath and root exudates from twelve species of grassland
and crop legumes with special reference to the occurrence of citramalate . Plant and Soil 424: 389-403.

Li, H.Y., Zhou, X.G. and Wu, F.Z. (2018). Effects of root exudates from potato onion on Verticillium dahliae.
Allelopathy Journal 43: 217-222.

Liang, Z.Y., Li, X.Y., Zhang, H., Li, J., Bian, X.J. and Xu, J.C. (2018). Allelopathic effects of Bermuda grass
(Cynodon dactylon L.) root exudates on seed germination and seedling growth of Tall fescue (Festuca
arundinacea Schreb). Allelopathy Journal 44: 25-34.

Manganiello, G., Sacco, A., Ercolano, M.R., Vinale, F., Lanzuise, S., Pascale, A., Napolitano, M., Lombardi,
N., Lorito, M. and Woo, S.L. (2018). Modulation of tomato response to Rhizoctonia solani by Trichoderma
harzianum and its secondary metabolite harzianic acid. Frontiers in Microbiology 9: 1966.

Marik, T., Tyagi, C., Racic, G., Rakk, D., Szekeres, A., Vagvolgyi, C. and Kredics, L. (2018). New
19-residue peptaibols from Trichoderma clade Viride. Microorganisms 6: 85.

Meincke, R., Weinert, N., Radl, V., Schloter, M., Smalla, K. and Berg, G. (2010). Development of a
molecular approach to describe the composition of Trichoderma communities. Journal of Microbiological
Methods 80: 63-69.

Mello, A. and Balestrini, R. (2018). Recent insights on biological and ecological aspects of Ectomycorrhizal
fungi and their interactions. Frontiers In Microbiology 9: 216.

Moronta-Barrios, F., Gionechetti, F., Pallavicini, A., Marys, E., Venturi, V. (2018). Bacterial microbiota of
rice roots: 16S-based taxonomic profiling of endophytic and rhizospheric diversity, endophytes isolation and
simplified endophytic community. Microorganisms 6: 14.

Pramanik, M.H.R., Nagai, M., Asao, T. and Matsui, Y. (2000). Effects of temperature and photoperiod on
phytotoxic root exudates of cucumber (Cucumis sativus) in hydroponic culture. Journal of Chemical Ecology
26: 1953-1967.

Shi, S., Richardson, A.E., O'Callaghan, M., Deangelis, K.M., Jones, E.E., Stewart, A., Firestone, M.K. and
Condron, L.M. (2011). Effects of selected root exudate components on soil bacterial communities. FEMS
Microbiology Ecology 77: 600-610.

Shi, Y.J., Wang, J., Jin, X., Wang, Z.L., Pan, D.D., Zhuang, Y., Wu, F.Z. and Zhou, X.G. (2019). Effect of
intercropping of wheat on cucumber seedling rhizosphere fungal community composition. Allelopathy
Journal 46: 241-250.

Singh, H.P, Batish, D.R. and Kohli, R.K. (1999). Autotoxicity: Concept, organisms and ecological
significance. Critical Reviews in Plant Sciences 18: 757-772.

van der Heijden, M.G., Bardgett, R.D. and Van Straalen, N.M. (2008). The unseen majority: soil microbes as
drivers of plant diversity and productivity in terrestrial ecosystems. Ecology Letters 11: 296-310.

Vancura, V. and Hovadik, A. (1965). Root exudates of plants: II. Composition of root exudates of some
vegetables. Plant and Soil 22: 21-32.


http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Kidd,%20DR&dais_id=2111076&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Ryan,%20MH&dais_id=356025&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Hahne,%20D&dais_id=7218994&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Haling,%20RE&dais_id=1792448&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Lambers,%20H&dais_id=34055&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Sandral,%20GA&dais_id=991646&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Simpson,%20RJ&dais_id=7805&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Cawthray,%20GR&dais_id=937211&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Cawthray,%20GR&dais_id=937211&excludeEventConfig=ExcludeIfFromFullRecPage

36.

37

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Cucumber root exudates effects on Trichoderma spp. community 265

Vargas, W.A., Mandawe, J.C. and Kenerley, C.M. (2009). Plant-derived sucrose is a key element in the
symbiotic association between Trichoderma virens and maize plants. Plant Physiology 151: 792-808.
Vignale, M.V,, lannone, L.J., Scervino, J.M. and Novas, M.V. (2018). Epichloé exudates promote in vitro and
in vivo arbuscular mycorrhizal fungi development and plant growth. Plant and Soil 422: 267-281.

Wang, Z., Zhang, J., Wu, F. and Zhou, X. (2018). Changes in rhizosphere microbial communities in potted
cucumber seedlings treated with syringic acid. PloS One 13: e0200007.

Yi, Y.L., de Jong, A., Frenzel, E. and Kuipers, O.P. (2017). Comparative transcriptomics of Bacillus mycoides
strains in response to potato-root exudates reveals different genetic adaptation of endophytic and soil isolates.
Frontiers in Microbiology 8: 1487.

Yu, J.Q. and Matsui, Y. (1994). Phytotoxic substances in the root exudates of Cucumis sativus L. Journal of
Chemical Ecology 20: 21-31.

Zhang, F.G., Meng, X.H., Yang, X.M., Ran, W. and Shen, Q.R. (2014). Quantification and role of organic
acids in cucumber root exudates in Trichoderma harzianum T-E5 colonization. Plant Physiology and
Biochemistry 83: 250-257.

Zhang, J.H., Pan, D.D., Ge, X., Shen, Y.H., Qiao, P.L., Yang, S.Y., Wu, F.Z. and Zhou, X.G. (2018). Effects
of syringic acid on Fusarium and Trichoderma communities in cucumber (Cucumis sativus L.) seedling
rhizosphere. Allelopathy Journal 44: 181-190.

Zhang, J.H., Yu, H.J., Ge, X., Pan, D.D., Shen, Y.H., Qiao, P.L., Wu, F.Z. and Zhou, X.G. (2018). Effects of
vanillin on cucumber (Cucumis sativus L.) seedling rhizosphere fungal community composition. Allelopathy
Journal 44: 169-180.

Zhou, X., Gao, D., Zhao, M., Zhang, J., Li, L. and Wu, F. (2016). Dynamics of soil bacterial communities in
Jerusalem artichoke monocropping system. Allelopathy Journal 39: 167-178.

Zhou, X., Jia, H., Ge, X. and Wu, F. (2017). Effects of vanillin on the community structures and abundances
of Fusarium and Trichoderma spp. in cucumber seedling rhizosphere. Journal of Plant Interactions 13:
45-50.

Zhou, X., Liu, J. and Wu, F. (2017). Soil microbial communities in cucumber monoculture and rotation
systems and their feedback effects on cucumber seedling growth. Plant and Soil 415: 507-520.

Zhou, X., Shen, Y., Fu, X. and Wu, F. (2018). Application of sodium silicate enhances cucumber resistance to
Fusarium wilt and alters soil microbial communities. Frontiers in Plant Science 9: 624.

Zhou, X., Wang, Z., Jia, H., Li, L. and Wu, F. (2018). Continuously monocropped Jerusalem artichoke
changed soil bacterial community composition and ammonia-oxidizing and denitrifying bacteria abundances.
Frontiers in Microbiology 9: 705.

Zhou, X. and Wu, F. (2018). Vanillic acid changed cucumber (Cucumis sativus L.) seedling rhizosphere total
bacterial, Pseudomonas and Bacillus spp. communities. Scientific Reports 8: 4929.

Zhou, X., Yu, G. and Wu, F. (2011). Effects of intercropping cucumber with onion or garlic on soil enzyme
activities, microbial communities and cucumber yield. European Journal of Soil Biology 47: 279-287.

Zhou, X., Zhang, J., Gao, D., Gao, H., Guo, M., Li, L., Zhao, M. and Wu, F. (2017). Conversion from
long-term cultivated wheat field to Jerusalem artichoke plantation changed soil fungal communities.
Scientific Reports 7: 41502.

Zhou, X., Zhang, J., Pan, D., Ge, X, Jin, X., Chen, S. and Wu, F. (2018). p-Coumaric can alter the
composition of cucumber rhizosphere microbial communities and induce negative plant-microbial
interactions. Biology and Fertility of Soils 54: 363-372.


http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Vignale,%20MV&dais_id=4755035&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Iannone,%20LJ&dais_id=1738515&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Scervino,%20JM&dais_id=1386605&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=5CR45gG1Nara8ad72Xl&author_name=Novas,%20MV&dais_id=2322753&excludeEventConfig=ExcludeIfFromFullRecPage

