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Chitin Amendment Increases Soil Suppressiveness toward Plant
Pathogens and Modulates the Actinobacterial and Oxalobacteraceal
Communities in an Experimental Agricultural Field
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Department of Microbial Ecology, Centre for Ecological and Evolutionary Studies, University of Groningen, Groningen, The Netherlands®; Applied Plant Research Institute,
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A long-term experiment on the effect of chitin addition to soil on the suppression of soilborne pathogens was set up and moni-
tored for 8 years in an experimental field, Vredepeel, The Netherlands. Chitinous matter obtained from shrimps was added to
soil top layers on two different occasions, and the suppressiveness of soil toward Verticillium dahliae, as well as plant-patho-
genic nematodes, was assessed, in addition to analyses of the abundances and community structures of members of the soil mi-
crobiota. The data revealed that chitin amendment had raised the suppressiveness of soil, in particular toward Verticillium
dahliae, 9 months after the (second) treatment, extending to 2 years following treatment. Moreover, major effects of the added
chitin on the soil microbial communities were detected. First, shifts in both the abundances and structures of the chitin-treated
soil microbial communities, both of total soil bacteria and fungi, were found. In addition, the abundances and structures of
soil actinobacteria and the Oxalobacteraceae were affected by chitin. At the functional gene level, the abundance of specific
(family-18 glycoside hydrolase) chitinase genes carried by the soil bacteria also revealed upshifts as a result of the added chitin.
The effects of chitin noted for the Oxalobacteraceae were specifically related to significant upshifts in the abundances of the spe-

cies Duganella violaceinigra and Massilia plicata. These effects of chitin persisted over the time of the experiment.

nterest in the control of plant pathogens using environmentally

friendly approaches has increased greatly in the last decade. For
soilborne diseases, a major issue is the suppressiveness of soil to-
ward pathogens that may occur in the soil (1). In this context, it
has long been suspected that suppressiveness can be enhanced by
adding biopolymers such as chitin and derivatives. For instance,
soil treatment with chitin and/or chitosan from shrimp waste has
been shown to temporarily increase root growth (e.g., of tomato)
and decrease the rate of infection of plant roots by nematodes
(2—4). Although not definitely proven in all cases, the mechanisms
behind this suppressiveness enhancement most often relate to a
change in the structure and/or activity of the microbiota in soil,
which thus confers suppression of plant pathogens (1, 5). Presum-
ably, chitinolytic microorganisms, which are capable of hydrolyz-
ing the chitinous hyphae of pathogenic fungi, increased their
numbers and/or activities in response to the chitin added. Alter-
natively, secondary responders to the added chitin confer patho-
gen suppression.

Chitin is a biopolymer that is distributed among many soil
organisms (i.e., it is a major constituent of the cell walls of fungi
and the exoskeleton of invertebrates). In soil, chitin can be de-
graded at a substantial rate. It has been cogitated that due to the
enormous abundance and diversity of bacteria in most soils and
the presumed presence of chitinases in a considerable fraction of
these, chitin degradation is mainly a bacterially driven process (6,
7). However, we still ignore how and to what extent different
bacteria with different chitin degradation functions are responsi-
ble for the chitinolytic process in soil and whether fungi also can-
not have a major role in this process. From previous work based
on isolated microbial community members, it has been postulated
that the addition of chitin to soil stimulates bacterial communities
more than fungal ones (8, 9). Among the bacterial isolates ob-
tained in several studies, members of the genus Streptomyces were
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dominant (10), followed by Stenotrophomonas and Bacillus (1, 11,
12). The presence of these bacterial chitinolytic groups was con-
firmed by analyses based on the 16S rRNA and chitinase (chiA)
genes (11, 13). Experiments performed in plots of natural fields, in
which chitin was placed in litter bags, have addressed and revealed
the molecular diversity of the chitinases produced by Streptomyces
(14). However, the intricacies of the bacterial responses in soil
under chitin amendment, in particular with respect to which bac-
terial groups function at what point in time and what types of
successions may take place, is still poorly understood. Moreover,
our understanding of the relationship of chitin and chitin degra-
dation status to crop rotation and soil characteristics is also lim-
ited (13, 15). As suggested from the above studies, members of the
actinobacteria, which are ubiquitous in, and have been widely
isolated from, agricultural soils, have been indicated as key de-
graders of complex organic molecules like chitin in the field (11,
16). However, in experiments performed in microcosms under
laboratory conditions, particular members of the Gamma- and
Betaproteobacteria were found to become dominant after the ad-
dition of chitin (17). Remarkably, studies of successions in bacte-
rial communities during plant development as affected by com-
post amendment and seed colonization revealed a role for
members of the family Oxalobacteraceae (3, 18). Following their
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activation by added chitin, such bacteria might also interact with
fungi in the soil. Thus, recent studies of bacterium-fungus inter-
actions in soil microcosms showed the role of two bacterial types,
i.e., Oxalicibacterium and Streptomyces, in the transformation of
calcium oxalate produced by fungi (19, 20).

Given the continued interest in the utilization of chitinous
products for enhancing the suppressiveness of soil toward soil-
borne plant pathogens, the objective of this study was to examine
the multiyear effect on the soil microbiota of the addition to soil of
a particular chitin product prepared from shrimps on soil in the
field. We placed a focus on soil bacteria, soil fungi, and specific soil
bacterial groups, i.e., actinobacteria and oxalobacteraceae. The
investigation of oxalobacteraceal communities was supported by
previous findings in our laboratory of oxalobacteraceal domi-
nance based on 454 pyrosequencing of chitinolytic bacteria. The
chiA-gene-based analyses showed that particular oxalobacter-
aceae may be important colonizers of chitin-amended soils and
rhizosphere, as well as other underexplored habitats (21). Addi-
tionally, recent reports (22, 23) of the genome sequences of the
plant-growth-promoting Herbaspirillum sp. GW103 and the an-
tifungal bacterium Janthinobacterium sp. HHO1, both members of
the family Oxalobacteraceae, support the hypothesis that members
of this group can be involved in soil pathogen suppressiveness. We
thus assessed both the suppressiveness and the abundance and
diversity of the soil microbial communities over eight (suppres-
siveness) and three (microbial communities) years. Changes in
the structures and diversities of the selected microbial communi-
ties were analyzed based on the bacterial 16S rRNA and chiA genes,
as well as the 18S rRNA gene, reporting on total fungi.

MATERIALS AND METHODS

Experimental setup and sampling. The site chosen for the field experi-
ment and subsequent sampling was an agricultural field located at the
experimental farm De Vredepeel in the southeast of the Netherlands
(51°32'27.10"N and 5°51'14.86"E). The experimental field was in cultiva-
tion since 1955 and served for monitoring different agricultural prac-
tices. The Vredepeel field contains an agricultural sandy soil used for
long-term experiments (http://www.wageningenur.nl/en/location/PPO-
Vredepeel-1.htm). The chitin amendment experiment implied the setup
of replicate (often triplicate) small (5- by 5-m) soil plots amended with
chitin (obtained from shrimp waste) next to unamended control plots.
The chitin amendment was initiated in March 2007 in the field monitored
since 2005, and the treatment was followed by a second treatment in
October 2009. Specifically, the soil was supplemented with 1.8% of
shrimp waste chitin (20 tons/ha) calculated over the topsoil (20 cm). Prior
to the amendment, the shrimp waste was disinfected overnight by treat-
ment with NaOH and HCl according to a previously described protocol
(24, 25). Crops were rotated over the years, as follows: wheat prior to
chitin amendment (2006) and potato after the chitin treatments (2007
and 2010). The intercrops were lily (2008), wheat (2009), carrot (2011),
and maize (2012).

Soil samples for soil chemistry and suppressiveness testing were taken
regularly over the time of the experiment. Those for molecular analyses of
the soil microbiota were collected five times over 3 years. The latter sam-
pling times were December 2009 (here referred to as Dec-09), June 2010
(here referred to as June-10), November 2010 (here referred to as Nov-
10), March 2011 (here referred to as March-11) and April 2012 (here
referred to as April-12). Specifically, in all cases, triplicate 4-kg soil sam-
ples were obtained as composites of 8 to 10 individual samples taken from
the 10-cm topsoil, both from the amended and nonamended plots. For all
sampled, before the analysis, the soil was homogenized by passing it
through a 2-mm mesh sieve.
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Soil chemical analyses and suppressiveness testing. Subsamples of 1
kg soil, taken from the composited primary samples, were used to char-
acterize several chemical parameters. Thus, fractions of clay (<2 mm), silt
(2 to 50 mm), and sand (50 to 200 mm) were determined. Further, soil
samples were dried, ground, and analyzed. Parameters measured included
pH, organic matter (OM) (as a percentage), nitrate (NO;~ mg/kg soil),
and ammonium (NH; mg/kg soil). The pH was determined as pH-KCI.
The OM percentage was calculated as 50% of the measured C content in
the soil. C and N contents were determined using a CHN1110 element
analyzer (Carlo Erba Instruments, Milan, Italy).

Soil suppressiveness was tested in triplicate samples per treatment by
measuring the efficiency of antagonistic activity against the fungal plant
pathogen Verticillium dahliae and against root lesion nematodes of the
genus Pratylenchus. These assays have been previously described (26).
Briefly, the effect on V. dahliae was estimated based on the average num-
ber of microsclerotia per 10 g dry soil. The effect against nematodes was
reported as the difference in the average populations of pratylenchidae per
100 ml soil.

Soil DNA extraction. DNA was isolated from 250 mg of soil, taken
from the composited primary samples, using the PowerSoil DNA isola-
tion kit according to the manufacturer’s specifications (MoBio Laborato-
ries, Carlsbad, CA, USA). The cells were disrupted by bead beating (bead
beater; BioSpec Products) three times for 60 s. Following the extraction,
the quality and quantity of DNA extraction were assessed by agarose gel
electrophoresis and spectrophotometry (Nanodrop; ThermoFisher Sci-
entific, St. Leon-Rot, Germany) measurements. All subsequent analyses
were performed on triplicates.

qPCR. Absolute quantification by real-time PCR (qPCR) was carried
out on the ABI Prism 7300 instrument (Applied Biosystems, Life Tech-
nologies Europe BV, Bleiswijk, The Netherlands) using Maxima SYBR
green mix (Fermentas, ThermoFisher Scientific, St. Leon-Rot, Germany).

Three technical replicates of DNA were used from each of the three
biological replicates.

The genes targeted were general bacterial, actinobacterial, and Oxalo-
bacteraceae 16S rRNA genes, bacterial family 18 chitinase, chiA, and the
fungal internal transcribed spacer (ITS). Primers and amplification con-
ditions, previously described (18, 27-30), are detailed in Table 1. Standard
curves were obtained using serial dilution of plasmid DNA containing the
cloned specific gene (Table 1). Tenfold dilutions of the standard concen-
trations were estimated to 10" to 10% gene targets per reaction. gPCR
analysis was carried out according to the known and well-accepted rec-
ommendations (31) as to DNA extraction, technical replicates of biolog-
ical replicates reagents, instruments, and target gene.

PCR-DGGE analysis. The genetic regions selected for quantitative
amplification were also the subject of PCR-denaturing gradient gel elec-
trophoresis (PCR-DGGE) analysis. PCR amplifications were set up for all
samples in parallel using the biological triplicate soil DNA (1 to 5 ng/ul).

Bacterial 16S rRNA genes were amplified using the primers F968-GC
and R4101.1b (32). Specific 16S rRNA genes of the Oxalobacteraceae were
amplified using a PCR system based on the primers OX225F and
OX1249R, as previously described (18). Actinobacterial 16S rRNA gene
amplicons were obtained using the primers F243 and R513GC (33). The
fungal ITS region was first amplified using the primers EF4 and ITS3,
followed by a second round of amplification with the primers ITS1{-GC
and ITS2 (34, 35). Similarly, the bacterial chiA gene was amplified first
using the primers GA1F/GAI1R, followed by reamplification with the for-
ward primer equipped with a GC clamp (29). All PCR conditions are
described in Table 1. All amplifications were carried out on a Mastercy-
cler-nexus thermocycler (Eppendorf, Nijmegen, The Netherlands).

Approximately 200 ng of PCR product was loaded on a 6% (wt/vol)
polyacrylamide gel in the Ingeny Phor-U system (Ingeny International,
Goes, The Netherlands). The gels were prepared using an optimized de-
naturant gradient for each type of gene (Table 1) (18, 21, 32-35). DGGE
profiles were obtained using 16 h of electrophoresis at an optimized volt-
age in 0.5X Tris-acetate-EDTA (TAE) buffer at 60°C. The gels were
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TABLE 1 Primers, conditions, and bacterial strains used to generate the standard for gPCR and genes amplified and conditions used for

PCR-DGGE
qPCR PCR-DGGE
PCR
Control strain used annealing % UF
Gene Primer Conditions to generate standard ~ Reference(s)  temp (°C) denaturant ~ Reference(s)
Bacterial 16S rRNA gene  Eub338/Eub518 60°C; 40 cycles  Burkholderia terrae 27 Touchdown,  40-65 32
BS001 60 to 55

Oxalobacteraceae, Ox225Fw/Ox656Rev  65°C; 40 cycles  Janthinobacterium 18,28 65 20-60 18

16S rRNA gene lividum
Actinobacteria, Actino235/Eub518 62°C; 40 cycles  Streptomyces griseus 27 63 40-60 33

16S rRNA gene
Bacterial chitinase, chiA GAI1F/GAIR 57°C; 40 cycles  Streptomyces griseus 29, 30 57 40-50 21
Fungal ITS 5.8S/ITS1f 53°C; 40 cycles  Rhizoctonia solani 27 57 20-55 34, 35, 61

stained for 60 min in 0.5 pg/liter SYBR gold (Invitrogen, Breda, The
Netherlands) and visualized on a UV transilluminator.

Cloning and sequencing of 16S rRNA gene amplicons for the Oxalo-
bacteraceae from selected samples. Three clone libraries consisting of
Oxalobacteraceae 16S rRNA gene fragments were generated using the spe-
cific primer set to compare the communities in soils from December 2009,
June 2010, and November 2010. The three sampling pointe were selected
based on the observed changes in relative abundances of this community.
The libraries included clones from the three replicates of unamended and
chitin-amended soil. Briefly, after gel purification with Wizard SV gel and
the PCR CleanUp system (Promega, Madison, Wi, USA), the amplicons
were ligated into pGEM-T Easy vector (pGEM 242-T vector system II;
Promega, Madison, WI, USA). Further, the plasmids were introduced
into Escherichia coli JM109 cells by transformation according to the man-
ufacturer’s recommendations. In total, 288 (48 for each time point, chitin
amended, and control) white colonies were picked, and the insert was
sequenced using the primer system T7-Sp6 (LGC Genomics, Berlin, Ger-
many).

Analysis of diversity of the Oxalobacteraceae. A total of 288 se-
quences were obtained. Sequences were grouped based on their origin
(sampling point and treatment) and considered per sample/replicates.
Considering their closeness as to relative abundances, we then also con-
sidered these as pooled groups over the three replicates per treatment. The
sequence qualities were checked manually, and possible chimera forma-
tion was assessed using the software program Bellerophon v.3 (36) (http:
//greengenes.lbl.gov). Eight sequences were removed after the quality
checks, and no chimeras were found. The sequences were assigned to
operational taxonomic units (OTUs), based on an 80% similarity cutoff,
using the program Mothur (37). Sequence alignments were carried out
using the Kimura two-parameter algorithm with bootstrap tests of in-
ferred phylogeny with 1,000 replications. The 97% similarity criterion was
used to assign an OTU at the “species” level, and 95% was used at the
“genus” level. The closest phylogenetic relatedness was determined by
BLAST-N versus the nonredundant NCBI database.

Analysis of DGGE fingerprints. DGGE profiles generated with differ-
ent primer sets (see above) of all three replicates were analyzed using the
GelCompar software program (Applied Maths, Sint-Martens, Latem, Bel-
gium). The diversity of the thus-visualized dominant microbial commu-
nities was thus assessed based on the PCR-DGGE profiles of all replicates
tested. The patterns were clustered using the unweighted pair group
method with arithmetic averages (UPGMA). Similarity matrices were
generated using Jaccard correlation coefficient. The Shannon index of
bacterial diversity was calculated as H = —3P,(log P;) based on the rela-
tive band intensities (P;) as previously formulated (38). Bacterial (total,
Actinobacteria, and Oxalobacteraceae) and fungal abundances were ana-
lyzed by one-way analysis of variance (ANOVA) (SPSS Statistic 20; IBM
Corp., Armok, NY, USA) to determine the significance of the differences
between the sampling points. In addition, the data derived from Jaccard
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correlation (band-based analysis) were used in principal coordinate anal-
ysis (PCoA) performed in the software program Canoco (Canoco 4.55;
Plant Research Institute, Wageningen, The Netherlands).

Nucleotide sequence accession numbers. All sequences generated
in this study were deposited in GenBank (http://www.ncbi.nlm.nih.gov
/GenBank/index.html) under the numbers KF188803 to KF189070.

RESULTS

Soil characteristics and suppressiveness toward soilborne plant
pathogens. The unamended soil was characterized as a sandy soil
with pH 5.7 = 0.2 and with 3.3% = 0.1% OM. Chitin addition
clearly raised the OM level, to about 3.5% = 0.1%. Furthermore,
it raised the suppressiveness of the soil toward the soilborne
pathogens Verticillium dahliae and Pratylenchus in connection to
wheat, potato, and lily grown on the field. First, the average num-
ber of V. dahliae microsclerotia per 10 g dry soil decreased in all
cases in the chitin-amended soil compared to that in the un-
amended soil. The decrease was significant (P < 0.05) in two of
three cases (April-07 and April-10; potato) (Fig. 1A). A similar
suppressive effect of the chitin amendment was observed against
Pratylenchus nematodes, with average population densities of pra-
tylenchidae decreasing in the chitin-amended soil compared to
those in unamended soil (Fig. 1B). Although there was a trend in
five out of six samples, the difference was significant in only one
(P < 0.05). These observations suggested that the chitin incorpo-
rated into the top soil layers is a main driver of suppressiveness
against two important potato pathogens, V. dahliae and potato-
pathogenic nematodes, irrespective of season.

Dynamics of the abundance of bacterial communities as as-
sessed by 16S rRNA gene-based qPCR. The bacterial abundances
in both the chitin-amended and unamended soils, assessed along
the five sampling times (Dec-09 through April-12), were consis-
tently in the range of 10° to 10'® gene copies/g dry soil. In the
unamended soil (Fig. 2A), these abundances were statistically sim-
ilar, at about 10°/g dry soil, among the samplings (P > 0.05). In
the chitin-amended soil, we observed a rapid increase of the 16S
rRNA gene copy abundances, i.e., from about 1 X 10°to 1 X 10'°
(gene copies/g dry soil), from Dec-09 to June-10 (P = 1.5 X 10™%)
(Fig. 2A). After this, the values remained raised, with insignificant
variations from the June-10 values, until April 2012. The maxi-
mum abundance, i.e., 1.4 X 10 gene copies/g dry soil, was ob-
served in the March-11 samples. Overall, the abundances of the
bacterial communities were significantly higher (P < 0.05) in the
chitin-amended soil samples than in the unamended samples, ex-
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FIG 1 Effects of chitin amendment on the soilborne pathogen Verticillium
dahliae (A) or Pratylenchidae (nematodes) (B) over sampling points and crops.
Averages of triplicate measurements with standard error bars are given; signif-

icant values (P < 0.05) are indicated with “*” (see also reference 26). MS,

number of microsclerotia; #, number of individuals.

cept the April-12 samples. Finally, the bacterial abundance found
in the chitin-amended April-12 soil sample was similar to that in
the unamended soil (4.5 = 0.7 X 10® gene copies/g), and this value
was not significantly different from that in the Dec-09 unamended
soil sample.

Structures of bacterial communities as assessed by 16S rRNA
gene based PCR-DGGE. To compare the structures of the bacte-
rial communities in the chitin-amended and unamended soils
throughout time, we performed PCR-DGGE analysis based on the
16S rRNA gene. In both treatments, the profiles generated from all
three replicate samples for each time point were internally similar,
confirming the close similarity of the community structures across
replicates. Importantly, clear changes in the community struc-
tures as a result of the added chitin were noted throughout. Thus,
cluster analysis showed a clear separation of the bacterial commu-
nity structures in all chitin-treated soil samples from the ones in
the unamended soils, since two large clusters that came together at
58% similarity were found (Fig. 3A). The average band numbers
in the first cluster, encompassing the profiles of all unamended
soil samples, were 45 * 3. In this cluster, the profiles were divided
over two subclusters at 66% similarity, one consisting of the Dec-
09, June-10, and Nov-10 samples (72% similarity) and the other of
the March-11 and April-12 samples (74% similarity). The profiles
of the second (chitin-amended) soil samples, grouping together in
the second major cluster at 63% similarity, were divided among
three major subclusters. Considering these, the Dec-09 and
June-10 profiles (74% similarity) were separate from the Nov-10
ones (64% similarity) and from the March-11 and April-12 ones
(72% similarity). On average, the number of bands was 42 = 5,
with raised numbers in June-10 (see Fig. S1A and S2A in the sup-
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plemental material). In the latter case, extra bands were observed
in the high-GC regions of the profiles compared to findings for the
rest of the chitin treatment samples.

Dynamics of abundances of fungal communities as assessed
by internally transcribed spacer (ITS) targeted qPCR. As ex-
pected, the fungal abundances fluctuated (yet did not significantly
change) in the unamended soils, revealing values of 10” to 10° gene
copies/g dry soil, over experimental time (Fig. 2B). In the chitin-
amended soils, the abundances increased slightly, from 10® (Dec-
09) to 10° (June-10) gene copies/g dry soil, decreasing significantly
(P < 0.05) thereafter, to about 10” and 10° (Nov-10 and March-
11, respectively). Significant changes in fungal densities (P < 0.05)
were also observed from March-11 to April-12, when the values
measured increased from 10° to 10° gene copies/g soil (Fig. 2B).

On average, the abundance of fungi in the chitin-amended soil
was 10- to 100-fold lower than that of bacteria. This effect was
maintained up to 1.5 years after the amendment.

Structures of fungal communities as assessed by fungus-spe-
cific PCR-DGGE. Analysis of the fungal PCR-DGGE profiles
based on the fungal 18S rRNA-ITS gene region showed the occur-
rence of rather diverse communities in all samples. Small variation
among replicates (90% similarity) was observed. At 40% similar-
ity, the fungal community profiles were divided among two major
groups. One group encompassed the chitin-amended soil samples
of June-10 and Nov-10 (42% similarity), and the second one con-
sisted of all unamended soil samples plus the chitin-amended ones
of Dec-10, March-11, and April-12 (44% similarity) (Fig. 3B).
Although there was no significant variation in species richness
estimated based on band similarity matrices, visual inspection of
DGGE profiles showed a decreasing number of bands (from 32 in
Dec-09 to 22 in June-10) in the amended soil (see Fig. S1B and S2B
in the supplemental material). This suggested a reduction in di-
versity, which was maintained to up to 2.5 years after the amend-
ment.

Abundances of Actinobacteria and Oxalobacteraceae. Given
the presumed importance of members of the Actinobacteria and
Oxalobacteraceae in chitin degradation in soil, the abundances of
the relevant specific 16S rRNA genes were measured by qPCR. In
the unamended soil, the abundances of both communities fluctu-
ated but showed insignificant changes over the time points, from
2009 to 2012 (Fig. 2C and D). The actinobacterial abundances
tended to vary slightly, but not significantly (P > 0.05), from
about 10° (Dec-09 and April-12) to about 107 (June-10, Nov-10,
and March-11) gene copies/g dry soil. The abundances of Oxalo-
bacteraceae in the unamended soil ranged between about 10*
(Dec-09 and Nov-10) and 10° (June-10, March-11, and April-12)
gene copies/g dry soil.

In the chitin-amended soil, the abundance of Actinobacteria
varied from 10° (Dec-09) to 10® (June-10, Nov-10, and March-11)
gene copies/g dry soil (Fig. 2D). In this treatment, the soil Oxalo-
bacteraceae numbers ranged between 10* (Dec-09) and 107 (June-
10, Nov-10, and March-11) gene copies/g (Fig. 2C). The abun-
dances of both the Actinobacteria and Oxalobacteraceae were thus
positively correlated with the amendment of soil with chitin. Im-
mediately after the second treatment, i.e., in December 2009, we
observed a minor increase in the abundances, whereas 8 months
after the treatment, in June 2010, both Actinobacteria and Oxalo-
bacteraceae showed significant increases in their abundance in the
chitin-amended soil compared to that in the unamended soil (P <
0.05), amounting to up to 2 log units.
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Community structures of Actinobacteria and Oxalobacter-
aceae. The PCR-DGGE profiles of the Oxalobacteraceae commu-
nities revealed simple community structures, with band numbers
ranging from 9 (chitin-amended soil, Dec-09) to 15 (amended
soil, June-10). Again, all replicates clustered closely together, con-
firming their close similarity. Cluster analysis of these PCR-DGGE
profiles indicated a clear separation of all chitin-treated soil com-
munities from the unamended soil ones (36% similarity), the ex-
ception being the Dec-09 unamended soil sample (Fig. 3C). The
effect of chitin amendment was most apparent in the June-10,
Nov-10, and March-11 samples.

The actinobacterial PCR-DGGE profiles were less uniform. In
general, the profiles were rather simple, with numbers of bands
varying from 10 (Dec-9, unamended) to 21 (chitin-treated soil,
Jun-10 and March-11). Cluster analysis of these profiles suggested
that the effect of chitin on the communities of Actinobacteria was
gradual. The Dec-09 chitin-amended soil sample separated at 31%
similarity from the unamended Dec-09 sample (Fig. 3D). There-
after, clear shifts in the actinobacterial community structures due
to the chitin treatment were observed in the June-10, Nov-10, and
March-11 samples. Principal coordinate analysis based on simi-
larities across sample times indicated a clear effect of chitin addi-
tion on these communities and persistence of this effect over time
(see Fig. S1C, S1D, S2C, and S2D).

Analysis of community composition of the Oxalobacter-
aceae. Since the PCR-DGGE analysis had revealed clear effects of
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)

were significantly different (comparison of

chitin on the oxalobacteraceal communities over the first year
after the amendment, the chitin-amended and unamended sam-
ples from Dec-09, June-10, and Nov-10 were selected for the con-
struction and analysis of oxalobacteraceal 16S rRNA gene clone
libraries.

After quality and chimera checks, a total of 280 sequences was
obtained (on average, 47 sequences split over triplicate samples/
treatment). All sequences were affiliated with Oxalobacteraceae
16S rRNA gene sequences found in the NCBI database. Further-
more, the sequences were, for the greatest part, >97% similar to
those of described species. Overall, they covered the following five
genera: Duganella, Herbaspirillum, Herminiiomonas, Janthinobac-
terium, and Massilia. Within these genera, 19 species could be
distinguished. A comparison of (relative abundances of) the dif-
ferent oxalobacteraceae in chitin-treated versus untreated samples
using nonparametric Chao I analysis (analyzing richness and
evenness) showed a very clear effect of chitin amendment (Tables 2
and 3). Using either the genus or species level, we analyzed the
relative abundances of the different sequence types in each repli-
cate per treatment and time. First, sequences affiliated with Dug-
anella violaceinigra consistently dominated the Oxalobacteraceae
communities in both the chitin-treated and untreated soils, with
very little variation across the replicates per treatment. In the un-
amended soils, the relative D. violaceinigra abundances fluctuated
around 29%, with differences remaining insignificant (P > 0.05).
However, significant (P < 0.05) increases in these relative abun-
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TABLE 2 Analysis of 16S rRNA gene-based Oxalobacteraceae clone
libraries: no. of sequences, levels of similarity, and diversity indices

No. of Diversity index value
No. of sequence
Sample sequences types Chao I ACE* Shannon
Dec-09 48 14 113 117 2.41 £0.02
June-10 48 14 118 158 3.65 * 0.04
Nov-10 48 14 115 153 2.84 = 0.04
Dec-09+ 48 9 87 218 2.27 £0.03
June-10+ 48 10 107 220 2.47 £0.01
Nov-10+ 48 14 77 215 2.31 £ 0.01

@ ACE, abundance-based coverage estimation.

dances were found in the presence of chitin, from about 29%
(Dec-09) to up to 64% (June-10 and Nov-10). A second effect of
chitin was noted for sequences affiliated with the species Massilia
plicata, which showed a consistent increase in relative abundance
from below detection in the unamended soil throughout (less
than about 2.2% of the total) to values ranging from 6 to 12%
(average, 11%) in the chitin-treated samples. Finally, there were
no significant increases in the relative abundances of sequences
affiliated with those of Herbaspirillum seropedicae, Herminiiomo-
nas saxobsidens, and Herminiiomonas arsenicoxydans. Also, se-
quences related to the genera Janthinobacterium and Massilia
(other than M. plicata) were found throughout, again without
significant trends related to treatment or time.

Overall, the sequence analyses thus enabled visualization of
clear positive responses of specific members of the Oxalobacter-
aceae to the chitin amendment, in particular revealing a progres-
sively increasing effect over time on Duganella violaceinigra and
Massilia plicata (Fig. 4).

Abundances and structures of bacterial chitinolytic commu-
nities as assessed on the basis of the chiA gene. The chiA gene,
here used as a proxy for chitinolytic bacteria, has been reported to
be the most frequently occurring bacterial gene involved in chitin
degradation in soil (29). The abundance of the chiA gene, mea-
sured by qPCR, revealed very little variation over time in the un-
amended soil. In this soil, it consistently fluctuated around 10°
gene copies/g soil, irrespective of time. Chitin amendment of the
soil clearly exerted a positive effect on this abundance, and the
effect was significant (P < 0.05). Specifically, the chiA gene copy
number/g dry soil increased, as a corollary of the chitin treatment,
from 2 X 10° in June 2010 to 3.5 X 10% in March 2011, and the
numbers remained on the order of 10° up to April 2012 (Fig. 5).

The chiA-based PCR-DGGE patterns showed relatively low
numbers of bands, varying on average between 8 * 2 in the un-
amended soil to 11 * 2 in the chitin-amended soil. Within the
chitin treatment, the highest numbers of bands were observed in
the June-10 and Nov-10 samples, suggesting an activation of di-
verse chitinolytic community members as a result of the addition
of chitin. The profiles of the communities in the unamended soil
samples clustered away from those of the chitin-amended ones, at
64% similarity. In both the unamended and amended soils, the
profiles formed subgroups defined by the Dec-09/June-10 and
March-11/April-12 samples, with an intermediate profile of Nov-
10. Overall, chitin treatment was the dominant factor, and time
appeared to constitute a secondary driver of the chitinolytic bac-
terial communities (see Fig. S2E and S3 in the supplemental ma-
terial). This was consistent with the data obtained with the un-
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TABLE 3 Analysis of 16S rRNA gene-based Oxalobacteraceae clone
libraries: comparison of chitin-amended soil samples with unamended
samples

Significance of comparison with sample®

Sample Dec-09 June-10 Nov-10 Dec-09+ June-10+ Nov-10+
Dec-09 —

June-10 NS —

Nov-10 NS NS —

Dec-09+ NS NS NS —

June-10+ = * * % _

Nov-10+  * ® ® * NS —

% ANOVA: NS, difference not significant; *, difference significant (P < 0.05). “+”
indicates a chitin-amended sample.

amended soil, where the similarity of the samples (80%, except
Nov-10) indicated the presence of a stable core group of chitino-
lytic bacteria.

DISCUSSION

There is still unexplored potential to raise the suppressiveness of
soils toward plant pathogens by adding biopolymers such as chitin
(4, 39, 40). Previous work already indicated that amendments of
soil with chitin modify the soil’s chemistry and structure and,
importantly, the structures of the microbial communities that oc-
cur in association with plants (2, 3). Moreover, the chitin added to
soil is subjected to progressive degradation as a result of the activ-
ity of a chitinolytic microbial community in the soil. Given the
prevalence of chitin-degradative genes across many bacteria, such
degradation may be mainly bacterially driven (8, 29, 40). In addi-
tion, particular chitinolytic bacteria that are activated might act as
suppressive agents of plant pathogens that contain chitinous
structures (fungi and nematodes) following their activation.
These might even be developed into biological control agents
against such fungi, e.g., V. dahliae, or nematodes (11, 40-43, 62).
However, in spite of several previous reports on bacterial chiti-
nases in soils (11, 14, 44, 45), the responses of the plethora of soil
microorganisms to chitin addition are still largely not understood.
This is particularly true for agricultural fields (26, 46), in which we
do not quite understand how the effect of chitin may be related to
crop rotation, chemical characteristics of the soil, and time.

In this study, we therefore addressed the possible emergence of
pathogen (Verticillium dahliae and nematodes of the genus Praty-
lenchus) suppressiveness in field soil in relation to chitin amend-
ment and the concomitant changes in the microbial communities
of the soil. Next to assessing the abundance and diversity of total
bacteria and fungi, we placed particular emphasis on soil actino-
bacteria and oxalobacteraceae in the light of their presumed role
in successions related to chitinolysis in soil and their potential to
serve as biocontrol agents (3, 17, 47, 48; M. S. Cretoiu, unpub-
lished). We deliberately chose to work with field soil to cover all
the variables that affect suppression and microbial communities
in a “real-world” situation. Our microbial community measure-
ments were taken upon the observation of enhanced suppression
as aresult of added chitin in an attempt to link this suppression to
changed community structure.

Suppressiveness of soil toward V. dahliae and plant root le-
sion nematodes of the genus Pratylenchus. Verticillium wilt,
caused mainly by V. dahliae, is among the most important soil-
borne plant diseases. Traditionally, control of the disease has been
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in the group is shown.

based on reducing the population of microsclerotia in the soil,
through the use of (volatile) chemicals (fumigation). Recently, the
use of organic amendments like green manure and chitin was
shown to reduce the population size of V. dahliae in the green-
house and the field (39, 40, 63). In the current study, a clear and
consistent effect of chitin addition on V. dahliae microsclerotia
was observed shortly after amendment, and this effect remained
present over 1.5 years. Moreover, a positive correlation was ob-
served with the intercrops, meaning that crop rotation in the chi-
tin-amended soil enhanced the suppressiveness against V. dahliae.
Effects on plant infection are further studied in the work of G.
Korthals (unpublished).

Next to focusing on V. dahliae, we also measured the effects of
chitin on the levels of (plant-pathogenic) pratylenchidae. Al-
though the effect was not as large as that measured for V. dahliae,
chitin addition did reduce the density of these nematodes for sev-

10 +

unamended

i amended

Log gene copy numbers/g dry soil

0 T
Dec 09 June 10 Nov 10

March11

April 12

FIG 5 Relative abundances of bacterial chitinolytic communities as assessed
on the basis of the chiA gene. Sampling points indicated with “*” were signif-
icantly different between chitin-amended and unamended soils (P < 0.05).
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eral years. Thus, these observations confirmed the multiyear sup-
pressiveness induced by chitin amendment. This also indicated
that in the Vredepeel soil, which constitutes an important Western
European agricultural soil, shrimp-derived chitin amendment
may offer a robust agricultural system that enables the warding off
of key plant (potato) pathogens.

Effects of chitin on soil microbial communities. The popula-
tion densities of bacteria and fungi estimated by qPCR were found
to be within the range reported for other soil systems (49, 50).
While the analysis of the unamended soil samples indicated that
the community sizes did not change significantly over the sea-
sons, the addition of chitin raised both microbial densities. Strik-
ingly, the average bacterial densities under the chitin amendment
were orders of magnitude higher than the fungal ones, and this
effect persisted over time (up to 2 years). Critical changes in the
abundances were observed in the time interval June to November
2010. In the June-10 samples, the bacterial abundances in the chi-
tin-amended soil were 10-fold higher than those in the un-
amended soil, while the fungal abundances decreased 10 times.
These observations are in accordance with reports from micro-
cosm experiments in which soil was incubated for up to 60 days
with chitin (15, 17). Moreover, the soil bacterial community
structures were also strongly affected by the chitin amendments,
as evidenced by PCR-DGGE, in which the amended soil profiles
clustered away from the unamended ones. This suggests that chi-
tin added to soil induces quite persistent changes in the local bac-
terial communities, probably by creating local nutritive and other
conditions that select particular microbial types.

The clear effect of chitin was also observed at the level of the
chiA gene, here used as a proxy for the bacterial chitinolytic com-
munities. The abundance of the chiA gene increased over time,
indicating the positive selection of the respective chiA hosts. It is
possible that chitin derivatives of lowered complexity become
available after first rounds of degradation and that, hence, second-
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ary responders to such compounds get stimulated. Other reports
of chitinolysis taking place in the field have shown that such
processes may accelerate after successive additions of chitin
(E. M. H. Wellington, unpublished data). In our experiment, the
relatively stable level of chiA-carrying cells in the chitin-treated
soils at later sampling points may indicate the then-stable pres-
ence of a chitinolytic community, which is useful considering the
longevity of the suppressiveness of the soil.

Effects of added chitin on soil actinobacteria and oxalobac-
teraceae. Members of the actinobacteria have been indicated as
major chitin degraders in soil and soil-like environments (14).
Studies of the rhizosphere have shown that the Streptomyces group
is often more abundant in rhizophere than in nonrhizosphere
soils (51, 52). There are leads pointing at an important role of such
actinomycetal chitinolysis in soil treated with chitin (6, 8), while
other reports indicate their secondary role (46). Moreover, mo-
lecular and genetic studies have revealed the presence of chitino-
lytic genes among important members of the Oxalobacteraceae
(23, 51-53, 60). Thus, the genus Streptomyces, along with
Oxalicibacterium (in the presence of fungi), might play key roles in
disease-suppressive soils as being part of the amendment-reactive
microbiota (5, 19, 20, 54). A further lead, obtained from chiA-
based Roche 454 deep pyrosequencing analysis of the June-10 chi-
tin-amended field and soil from a microcosm experiment (17, 21),
recently indicated an increase in the abundance of Oxalobacter-
aceae-like sequences. In the present study, the relative abundances
of both groups, Actinobacteria and Oxalobacteraceae, were posi-
tively correlated with chitin amendment over experimental time.
The community size increases of both groups, observed from
Dec-09 until June-10, suggested that some of their members may
be among the key responders to chitin addition. In addition, at
three sampling times (June 2010, November 2010, and March
2011), the fungal abundances were negatively correlated with
those of Actinobacteria and Oxalobacteraceae. These decreases in
fungal abundances may have been a consequence of increased
bacterial chitinolytic activity, in particular due to bacterial B-N-
acetylglucosaminidases and chitobiosidases.

At the level of the Actinobacteria, the changes in the commu-
nity structures were fast, since significant community shifts were
found shortly after treatment. It is likely that some Actinobacteria,
in particular members of the Streptomyces group, colonized the
chitin fibers (conglomerates) in soil (8, 14). The actinobacterial
species richness increases over time, from autumn-winter to
spring-summer, might reflect germination and outgrowth pro-
cesses that took place related to temperature rises. The Oxalobac-
teraceae community showed a structure of low diversity based on
the analysis of bands. A core community becoming abundant was
observed in the chitin-amended soils 9 months after the treat-
ment, and this core community persisted for more than 2 years.
Thus, the concomitant occurrence of clear shifts in both the ox-
alobacteraceal and actinobacterial communities and enhanced
pathogen suppressiveness as a result of added chitin pinpointed
chitin as a main factor inducing microbially based suppressive-
ness.

Temporal variation of Oxalobacteraceae. Members of the
Oxalobacteraceae have recently been described as being involved
in seed and root colonization, potentially rising to high abundance
in the rhizospheres of particular plants (18, 55). We assessed the
Oxalobacteraceae communities at the levels of genus and species.
Among the five different genera detected, Duganella, Janthinobac-
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terium, and Massilia varied under chitin amendment and over
time. In particular, Duganella violaceinigra and Massilia plicata
showed clear positive responses to the added chitin. Massilia, Dug-
anella, and Janthinobacterium constitute genera that encompass
species that produce and secrete chitinases. Furthermore, Massilia
contains seed- and root-colonizing organisms that can proliferate
rapidly when attached to plant surfaces (3, 18, 55-57). Remark-
ably, a slight decrease in the abundance of Janthinobacterium, al-
beit insignificant, correlated with the increase of the above
Massilia and Duganella species. Soil temperature and the availabil-
ity of chitin oligomers may have been the main factors affecting
these relative abundances. Considering Janthinobacterium, its
type species, J. lividum, was first isolated from a cold soil (58). The
genus is known to encompass key producers of chitinases (57).
The recently published genome sequence of Janthinobacterium sp.
HHO1 revealed the presence of four putative chitinase genes (23).
These features are to be considered when the Janthinobacterium
relative abundance in soil in connection to soil chitin amendment
is evaluated.

Previous studies of plant root-associated Oxalobacteraceae (3,
56) suggested the existence of two groups of Oxalobacteraceae, i.e.,
the so-called “short-term active” ones, with as key types Hermi-
niimonas saxobsidens and Herbaspirillum seropedicae, and the
“long-term active” ones, i.e., Duganella violaceinigra and Massilia
plicata. The former group can be compared to classical copi-
otrophic (r strategist) and the latter to oligotrophic (K strategist)
organisms. The significant stimulus of both of the latter long-term
active responders in our soil months after chitin addition is con-
sistent with their presumed slow metabolisms. Moreover, Roche
454 pyrosequencing of total bacterial 16S rRNA gene amplicons
also revealed an increase in relative abundances of Duganella and
Massilia types (from below 1% to 20%) in the chitin-amended soil
compared to those in the unamended soil (June-10; M. S. Cretoiu,
A. M. Kielak, A. Schlueter, and J. D. van Elsas, unpublished data).
On the other hand, the conspicuous absence of Collimonas-like
sequences in our here-reported data set was consistent with these
deep sequencing data, which also showed the level of members of
this bacterial genus to be below 1% (which is undetectable by our
clone library approach). Collimonas encompasses soil bacteria
that have the capacity of growing at the expense of intact, living
fungal hyphae (59, 60). Thus, we surmised that the chitin treat-
ment (in which tillage was used) did not substantially favor fungal
hosts that might have supported Collimonas to build up high cell
densities.

Relationship between chitin amendment, microbial com-
munity shifts, and soil suppressiveness. Across the 2.5 years of
monitoring, a clear effect of soil chitin amendment on both sup-
pressiveness toward two key plant pathogens and selected micro-
bial groups was observed in the experimental field. Thus, param-
eters such as the abundances of total bacteria, of total fungi, and of
actinobacteria and oxalobacteria, next to the respective commu-
nity structures, were clearly correlated with the suppressiveness of
soil toward V. dahliae and particular Pratylenchus types. However,
without a deeper understanding of the mechanisms behind patho-
gen suppression, it is difficult to discern the direct links between
the two types of observations. It is likely that the responses found
in the chitin-amended soils related to effect of chitin on the
growth and survival of the affected communities, in particular the
bacterial ones. Whether the rise of such bacterial empires relates,
in a direct and mechanistic sense, to the suppression is a question
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for future research. In such work, a focus on particular members
of the Actinobacteria next to members of the underexplored Ox-
alobacteraceae, in particular Duganella violaceinigra and Massilia
plicata, is warranted.
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