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Chitin amendment is a promising soil management strategy that may enhance the suppressiveness of soil toward plant patho-
gens. However, we understand very little of the effects of added chitin, including the putative successions that take place in the
degradative process. We performed an experiment in moderately acid soil in which the level of chitin, next to the pH, was al-
tered. Examination of chitinase activities revealed fast responses to the added crude chitin, with peaks of enzymatic activity oc-
curring on day 7. PCR-denaturing gradient gel electrophoresis (DGGE)-based analyses of 16S rRNA and chiA genes showed
structural changes of the phylogenetically and functionally based bacterial communities following chitin addition and pH altera-
tion. Pyrosequencing analysis indicated (i) that the diversity of chiA gene types in soil is enormous and (i) that different chiA
gene types are selected by the addition of chitin at different prevailing soil pH values. Interestingly, a major role of Gram-nega-
tive bacteria versus a minor one of Actinobacteria in the immediate response to the added chitin (based on 16S rRNA gene abun-
dance and chiA gene types) was indicated. The results of this study enhance our understanding of the response of the soil bacte-
rial communities to chitin and are of use for both the understanding of soil suppressiveness and the possible mining of soil for

novel enzymes.

he suppressiveness of soils toward plant pathogens can be en-

hanced by adding polymers such as chitin to them (http://www
.wageningenur.nl/en/location/PPO-Vredepeel-1.htm). There is cur-
rently great interest in such applications. In addition to enhancing
suppression, chitinolytic bacteria can be successfully used as biologi-
cal control agents against particular fungal or nematodal plant dis-
eases (1—4). Such bacteria might be involved as natural agents in the
suppression of plant pathogens. Concurrently, such endeavors drive
research on other potential applications of the relevant chitin-de-
grading enzymes involved.

However, as a result of soil bacterial communities being highly
diverse in soil (5-7), the ecology of the processes driven by them is
still poorly understood. Hence, we do not quite understand how
such communities respond, in terms of the succession of groups
and activities and prominence of the enzymes these express, to
chitin amendments. Moreover, the genetic diversity and potential
of the relevant enzymes has remained largely unknown, which is
mainly due to the difficulties associated with culturing the major-
ity of bacteria under standard laboratory conditions (8-10).

Current DNA-based technologies allow opening the black box
of soil functional and phylogenetic diversity. Moreover, an in-
creasing research interest focuses on genes that encode biotechno-
logically applicable enzymes which are capable of degrading a nat-
ural polymer such as chitin. Chitin is clearly spread among many
soil organisms, as it is a major component of the cell walls of fungi,
in addition to the exoskeletons of invertebrates. Structurally, it is
composed of a chain of 3-1,4-glucosidic bonds linking N-acetyl-
D-glucosamine moieties. The lack of evidence for the accumula-
tion of chitin in soil suggests that it is normally degraded at a
substantial rate (11). Thus, the existence of a great reservoir of
degrading enzymes is indicated. In general, bacteria are hypothe-
sized to be among the main degraders of chitin in natural ecosys-
tems, using it as a source of nutrition and energy (11). Although
exact estimates are lacking, many soil bacteria are thought to pos-
sess enzymes involved in chitin degradation. Data from aquatic
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bacteria indicate that between one and a few percent of these are
able to degrade chitin (12, 13). Involvement of chitin-degradative
enzymes in the parasitism of other (micro)organisms has also
been reported (14).

All known chitinases belong to glycosyl hydrolase families 18,
19, and 20 (15, 16). Bacterial chitin degradation involves, in the
initial step, cleavage of the 3-(1—4) bond by exochitinases, which
are assigned mostly to family 18 of the glycosyl hydrolases. This
protein family is subdivided in groups A, B, and C on the basis of
the amino acid sequences of the respective members. As the ma-
jority of the characterized bacterial chitinases have been assigned
to group A, it has been assumed that this group is the most abun-
dant one in the environment (17). These chitinases (ChiA) are
important given their capacity to produce short oligosaccharide
chains and chitin derivatives which are ecologically relevant as
substrates. In addition, ChiA enzymes, in particular, those that
work well at raised pH, find application in agriculture, industry,
and medicine (11, 18-23). Currently, limited examples of bacte-
rial chitinases are commercially available. The relevant enzymes,
originating from Bacillus, Serratia, and Streptomyces spp., have
limited optimal activities, mainly at acid to neutral pH. Given the
interest in chitin degradation, in particular, as related to plant
pathogen suppression, as well as the potential exploitation of
chitinases, the objective of this study was to examine the impact of
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chitin amendment of soil, at two different pHs, on the diversity
and abundance of the soil bacterial community. We included a
high-pH treatment, as bacterial chitinases active under alkaline
conditions are not yet available. We placed a special focus on
changes in the family 18 gene chiA. A short-term (60-day) soil
microcosm experiment was set up, which allowed the emergence
of different bacterial communities enriched for chitin degraders.
Changes in the structures and diversities of the bacterial commu-
nities were analyzed based on the 16S rRNA and chiA genes. In the
light of reports on the importance of actinobacteria in soil chitino-
lytic processes (17, 24, 25), actinobacterium-specific analyses were
also performed. Finally, deep sequencing was applied to foster our
understanding of the changes of chiA gene diversity and abun-
dance as driven by the experimental factors applied.

MATERIALS AND METHODS

Extraction of chitin from shrimp shell waste. Shrimp shell waste ob-
tained from Heiploeg (Zoutkamp, The Netherlands) was first intensively
washed with demineralized water. Chitin extraction was performed ac-
cording to a protocol modified from that of Xu et al. (26). Proteins were
removed by being briefly soaked twice in 0.25 M NaOH, followed by
overnight incubation in 0.25 M NaOH at room temperature. Samples
were then soaked (30 min) in 0.12 M HClI followed by rinsing with deion-
ized water until neutral pH was reached and drying overnight in a 60°C
oven. The dried material was ground and sieved through a 2-mm-pore-
size mesh. The product contained chitin at over ~90% on a dry weight
basis, the remainder consisting of mostly pigments, proteins, and ash.

Soil microcosms. Soil samples were collected in June 2010 at the ex-
perimental farm De Vredepeel in The Netherlands. The soil was charac-
terized as sandy, with pH 5.7 and 2.2% organic matter. Triplicate 4-kg soil
samples were removed from subplots in the top 10 cm of the soil. Soil was
homogenized by passage through a 2-mm-pore-size mesh sieve. The
moisture was adjusted to 65% of the water-holding capacity. Three repli-
cates of microcosms containing 220 g of soil were prepared in 720-ml jars
for four different sets of treatments (12 jars in total). Two sets contained
the soil of the original pH 5.7 measured in deionized water (1:2 soil:water
ratio), whereas the pH of the other two sets was changed to 8.7 by adding
1 M sodium carbonate to each. One set of microcosms of each pH value
was supplemented with 1.8% of the preprepared ground shrimp shell
waste. The microcosms were incubated at room temperature. After 0, 1, 3,
7, 15, 30, and 60 days of incubation (TO through T60, respectively), 5-g
portions of soil were removed from each microcosm, immediately frozen,
and stored at —80°C for further analyses.

Chitinase activity enzymatic assay. Chitinase activities were mea-
sured fluorimetrically on the basis of enzymatic hydrolysis of the sub-
strates 4-methylumbelliferyl N-acetyl-B-p-glucosaminide (a substrate for
B-N-acetylglucosaminidase), 4-methylumbelliferyl N,N’-diacetyl-B-p-
chitobioside (a substrate for chitobiosidase), and 4-methylumbelliferyl-
B-D-N,N',N"-triacetylchitotriose (a substrate for endochitinase) with
production of 4-methylumbelliferone using a chitinase assay kit (Sigma,
Saint Louis, MO). Half a gram from each of the three replicates (at each
time point) was collected and vortex mixed (full speed; 2 min) with 1 ml of
sterile water. Samples were centrifuged for 5 min at 13,000 rpm. A 10-pl
volume of supernatant was used for the enzymatic assay. The enzymatic
activity was calculated according to the manufacturer’s specifications.
One unit of chitinase activity was defined as the release of 1 pwmol of
4-methylumbelliferone from the appropriate substrate per min at pH 5.0
and 37°C. Fluorescence was measured at an excitation of 360 nm and
emission of 450 nm for 1 s on a microplate reader (Synergy Mx Mono-
chromator-Based Multi-Mode; BioTek Instruments Inc., Winooski, VT).

Nucleic acid extractions. DNA was isolated from all soil samples (300
mg wet weight) using a PowerSoil DNA isolation kit according to the
manufacturer’s specifications (MoBio Laboratories, Carlsbad, CA).
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PCR-DGGE. ChiA gene amplicons were obtained as previously de-
scribed (25). Actinobacterial and bacterial 16S rRNA gene amplicons were
obtained as previously described (27). All PCR mixtures contained 0.2
M each primer and 1.25 U GoTaq polymerase (Promega, Madison, WI).
Amplifications were carried out on a Veriti 96-well thermal cycler (Ap-
plied Biosystems, Bleiswijk, The Netherlands). Denaturing gradient gel
electrophoresis (DGGE) profiles were obtained using 16 h of electropho-
resis at 100 V, 0.5X Tris-acetate-EDTA (TAE) buffer at 60°C, and an
Ingeny Phor-U system (Ingeny International, Goes, Netherlands). After
electrophoresis, polyacrylamide gels were stained with SYBR gold (Invit-
rogen, Breda, The Netherlands) and visualized on a UV transilluminator.
Three replicates from each of the treatments and each time point were
analyzed. DGGE profiles were compared using GelCompar II software
(version 5.6; Applied Maths, Sint-Martens-Latem, Belgium).

Quantitative PCR. Quantitative PCR assays were performed using
Maxima SYBR green mix (Fermentas, ThermoFisher Scientific) on an
Applied Biosystems 7300 real-time PCR system. Primers and conditions
as previously described (28) were applied to quantify total bacterial and
actinobacterial 16S rRNA copy numbers. chiA gene copy numbers were
quantified as previously described (29). For standards, chiA (approxi-
mately 450 bp) and full-length 16S rRNA gene products obtained after
amplification of pure template DNA isolated from a Streptomyces griseus
strain were used. Tenfold dilutions of the standard concentrations were
adjusted to 10" to 10® (estimated) gene targets per reaction. We thus
calculated the gene copy numbers for all three of the aforementioned
systems. We interpreted these with the cautionary note in mind that such
data are intrinsically biased in the light of known and well-accepted (but
unsolved) questions about DNA extraction efficiencies, numbers of genes
per genome, and potentially differential PCR rates.

Pyrosequencing analysis. Partial chiA gene amplifications (T0, T3,
and T7 samples) were carried out in 50-pl volumes containing 5 pl of 10X
PCRbuffer, 0.2 mM deoxynucleoside triphosphate (ANTP) mix, 3.75 mM
MgCl,, 2% dimethyl sulfoxide (DMSO), 20 pm of 10-bp barcoded GAIF
and GAIR primers (25), and 1.5 U of GoTaq Flexi DNA polymerase
(Promega, Madison, WI). All amplifications were performed on a Veriti
96-well thermal cycler (Applied Biosystems-Life Technologies Europe
BV, Bleiswijk, The Netherlands). The amplification conditions were pre-
ceded by an initial denaturation step (95°C for 5 min) and followed by 35
cycles consisting of denaturation at 94°C for 1 min, annealing at 60°C, and
elongation at 72°C for 1 min, followed by a final elongation step for 10 min
at 72°C. Amplicon mixtures were subjected to pyrosequencing using a
Genome Sequencer FLX system (Roche Diagnostics GmbH/454-Life Sci-
ence Corporation, Branford, CT). Sequences were deposited in the Se-
quence Read Archive (SRA).

Mothur (30) was utilized to analyze the reads. The sequences were evalu-
ated for quality and the presence of ambiguous bases and homopolymers and
were trimmed to remove primers and barcodes. All sequences which did not
pass quality control requirements (mean quality of reads > 25, no ambiguous
bases allowed, homopolymers < 8 bases), as well as sequences without iden-
tifiable primers and barcode, were removed. Potential chimeras were re-
moved using ChimeraSlayer implemented in Mothur. The remaining reads
(50% on average) were translated into amino acid sequences. All sequences
containing internal stop codons and unidentified amino acids due to se-
quencing errors were removed. Each translated sequence was used as a Blast-P
query against a 1,754 sequence database obtained from CAZy (31) using a
102 E cutoff value. Sequences which did not pass this filter were removed.
Due to the protein-based comparisons, we refer to “-type” or “-like” se-
quences rather than to defined affiliations. Amino acid sequences were
aligned using ARB software (32), together with the corresponding region of
the reference sequences. Dissimilarity matrices were calculated from the pair-
wise alignment of amino acid sequences using PHYLIP 3.67 software (33).
The obtained matrix was fed to Mothur for complete linkage clustering.
Qualified sequences were assigned to operational taxonomic units (OTUs)
based on a 20% dissimilarity cutoff. This 20% cutoff was chosen based on
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slope stabilization by plotting the number of unique OTUs at different OTU
cutoff values.

Statistics. The Shannon index of bacterial diversity was calculated as
H = —XPJlogP; based on the relative band intensities (P;) as formulated
by Eichner (34). Bacterial and actinobacterial abundances were analyzed
by one-way analysis of variance (ANOVA) (STATISTICA 8; StatSoft Inc.,
Tulsa, OK) to determine the significance of the differences between treat-
ments. The analysis of coverage was based on post hoc analysis using
Tukey’s honestly significant difference (HSD) test.

Stepwise multiple regression calculations were conducted by the REG
procedure (SAS version 8.02; SAS Institute Inc., Cary, NC) to determine
to what extent variations in biological or chemical parameters could ex-
plain the variations in the enzymatic activities. Regression analyses of
normalized data were conducted. The parameters were as follows:
log[actinobacterial 16S rRNA gene copy number](Actinol6SrRNA),
sqrt[log(16S rRNA gene copy number)/log(16S rRNA gene copy
number), ... J(16S5rRNA). Actinobacterial, bacterial, and chiA gene diver-
sity and richness as determined by PCR-DGGE (Actinol6SrRNA Shan-
non, 16SrRNA Shannon, Actinol6SrRNA Chaol, and 16SrRNAChaol)
were included after the following transformation: log[chiA gene abun-
dance] (chiA) and diversity (chiA and chiA Shannon, respectively),
log[pH] (pH), sampling time point (incubation), chitin addition (chitin).
Variables in the regression models were significant at the 0.15 level. Mod-
els were restricted to a maximum of two parameters.

Relative abundance data were fitted to the power function (35), using
nonlinear regression (Gauss-Newton method; SAS version 8.02). In the
model, Cr = a r; where Cr is the relative abundance at rank r (the most
abundant rank is given a value of 1, the second most abundant a value of
2, etc.), ais an empirical type- and location-specific constant, and m is the
shape parameter (36). The significance and fit were assessed using the F
value of the nonlinear regression and the nonlinear coefficient of deter-
mination (pseudo-R?) for each rank/abundance curve, respectively. Dif-
ferences in the relative abundances were analyzed by two-sided t tests.

Finally, Jaccard similarity matrices calculated based on the PCR-
DGGE patterns were used in principal coordinate analysis (PCoA)
(Canoco 4.55; Microcomputer Power).

Nucleotide sequence accession number. Sequences were deposited in
the Sequence Read Archive (SRA) under the number SRA052538.

RESULTS

Effects of chitin addition and pH on the chitinolytic activity in
soil. As expected, in all microcosms without added chitin, the levels
of chitinolytic activity were low throughout the course of the experi-
ment (Fig. 1). First, there were no significant differences (P > 0.05)
between the values over time in the control (“native pH, no chitin”)
microcosms. In the “altered pH” microcosm without added chitin,
there was a progressive decrease of chitobiosidase activity (Fig. 1B)
between the beginning and the end of the experiment (T0, T1, T3, T7,
and T15 versus T30 and T60; P < 0.001).

Overall, the highest chitinolytic activities were observed in the
chitin-amended microcosms at pH 8.7 at T3 and T7 for all three
measured activities, with rapid decreases being recorded at T15. From
this time onward, the initial levels, in particular those of the endo-
chitinase and chitobiosidase activities, were reached (P > 0.05). In the
native-pH microcosm with added chitin, values were raised as well.
There were no differences in the endochitinase activities over time (P
> 0.05; Fig. 1C). A comparison of the native-pH and pH 8.7 micro-
cosms with or without added chitin revealed that the measured activ-
ities were lower in the former than in the corresponding latter systems
throughout the duration of the experiment.

Effect of chitin addition and pH on the soil bacterial commu-
nity—abundance and community structure. The bacterial abun-
dances in the non-chitin-amended soils (pHs 5.7 and 8.7) were
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FIG 1 Changes in endochitinase (A), chitobiosidase (B), and 3-N-acetylglu-
cosaminidase (C) activities measured during 60 days of microcosm incuba-
tion. Triplicate microcosms were supplemented with chitin obtained from
shrimp waste or left unsupplemented at each of the time points for soils with
native pH (5.7) and increased pH (8.7). Error bars represent standard errors
(SEs) of the mean results of three replicate experiments.

statistically similar (P > 0.05) (Fig. 2A) during the whole experi-
ment. In the chitin-amended soil at native pH, a rapid increase of
the 16S rRNA gene copy abundance was observed from TO to T3
(from 2 X 10° to 1.5 X 10'° gene copies per g of soil; P = 1.8 X
10™*) and the numbers remained high until T15 (1.4 X 10'° gene
copies per g of soil). At T30, the initial copy number was reached
again. In contrast, in chitin-amended pH 8.7 soil, the 16S rRNA
gene copy numbers increased steadily from T1 to T15, at which
time they reached the maximal level of 1.3 X 10'° copies per g dry
soil.

Although fluctuations in the actinobacterial 16S rRNA gene
copy numbers were observed in the soil at pH 8.7 (Fig. 2B), there
was no clear trend which could explain the changes as the result of
a response to chitin addition. In the control soil microcosms, the
abundances remained at similar, stable levels (Fig. 2B). After ad-
dition of chitin, the actinobacterial abundances increased slightly
but significantly from TO to T1 (from 3.8 X 10° to 1.05 X 10°
copies per g of soil; P = 7.1 X 10™*) and stayed at this increased
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FIG 2 Abundance of total bacterial (A) and actinobacterial (B) 16S rRNA and
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cosm experiment. Days of sampling are indicated below the columns. Error
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level until the end of the experiment. However, the relative abun-
dance decreased, suggesting that Actinobacteria were not the
prime responders to the chitin addition.

As expected, the chiA gene copy numbers did not change in the
control soils (no chitin addition) throughout the experiment.
Also, the change of pH from 5.7 to 8.7 did not significantly influ-
ence the chiA gene copy numbers (T0), which remained at levels
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that were similar for the high-pH and the native-pH soils
(Fig. 2C). In contrast, the chitin-treated soils, at both native and
high pHs, revealed strong effects of added chitin on chiA gene
abundance. As from T1, this abundance was greatly increased
compared to that in the corresponding control soil (Fig. 2C).
Thus, due to the treatment, the chiA gene abundance had in-
creased from 3.0 X 107 to 7.0 X 10% gene copies g~ ' soil in pH 8.7
soil (ANOVA; log-transformed data, P = 1.5 X 10%) and from
3.2 X 107 to 7.2 X 10® gene copies g~ ' soil (ANOVA; log-
transformed data, P = 1.7 X 10 %) in native-pH soil at T3. The
abundance remained at a similar high level in the native-pH
chitin-amended soil until T30. Interestingly, in the pH 8.7 chi-
tin-amended soil, in which the maximal chiA gene abundance had
already been reached at T3, the chiA gene abundance gradually
decreased, reaching a level at T15 that was comparable to the ini-
tial one (Fig. 2C) and significantly different from that at T3 (P =
4.4 X 107%).

The differences among replicates of the bacterial and actino-
bacterial as well as chiA-based PCR-DGGE profiles were negligible
(see Fig. S1 in the supplemental material); hence, we used single
profiles in our clustering analyses. The bacterial profiles were af-
fected as a result of the shifted pH as well as chitin addition. More-
over, per treatment, they shifted over the time of the experiment
(Fig. 3A and a). In the native pH soil, a strong effect of added chitin
was observed, as is evident from the shifts of the community com-
positions at T7 and T15 (Fig. 3A). In contrast, in the pH 8.7 soil,
the detectable chitin addition effect was weaker. Similar observa-
tions were made with respect to the actinobacterial PCR-DGGE
profiles. Here, there was a clear separation of the community pro-
files in the native-pH soil supplemented with chitin (Fig. 3B),
whereas the community structures in the pH 8.7 soils were stron-
ger influenced by incubation time (Fig. 3b).

The chiA gene-based PCR-DGGE analyses revealed progres-
sive and major changes in the profiles as a result of the addition of
chitin (T3 through T15 compared to T0, for both native-pH and
pH 8.7 soils). Moreover, extended incubation times (30 to 60
days) had a strong influence on the chiA gene profiles, as the sim-
ilarities between the profiles at T30 and T60 and the remaining
ones were the lowest (Fig. 3C and ¢). Based on these observations,
expecting major differences in the bacterial chitinolytic commu-
nities at T7 in contrast to longer incubation times, the T0, T3, and
T7 samples were thus selected for deep pyrosequencing of the chiA
gene.

Analysis of the relationship between enzymatic activity, bac-
terial community, and treatment. Multiple regression analyses
were performed in order to identify the factors that explained
most of the variations in the enzymatic activities measured in the
microcosms (Table 1). Bacterial abundance (16S rRNA gene copy
numbers) was the best predictor of chitinolytic activities for both
B-N-acetylglucosaminidase activities (P < 0.0001) and chitobio-
sidase activities (P < 0.0001), explaining 67% and 54% of the
variations, respectively. In both cases, increases in bacterial abun-
dances correlated well with increases in enzymatic activities. The
remaining variation was explained by pH, which significantly af-
fected both measured enzymatic activities (P < 0.0001), with in-
creases of activity at higher pH values.

RADs. In order to better understand underexamined processes
in microbial communities, we focused on rank-abundance distri-
butions (RADs). We examined the effects of chitin and pH on the
bacterial community structures (evenness) over time, and the
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evenness of the RADs of OTUs obtained from the pyrosequencing
analysis was examined. The shape (slope) of a distribution curve is
associated with evenness; lower values are observed if more of the
OTUs have similar numbers of individuals (higher evenness). The

shape parameter, m, was plotted over time for
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each of the treat-

ments (Fig. 4). Although slight shifts in the evenness of the micro-
bial communities (m values ranging from —0.82 to —0.85) be-
tween chitin-untreated and chitin-treated soils were observed at

native pH, these changes
chitin-treated pH 8.7 soils,

were not significant (P > 0.05). In the
the general trend was different, as a signif-
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TABLE 1 Best regression models for enzymatic activity in microcosm experiment

Enzyme Model” R? P
3-N-Acetylglucosaminidase —17.2 (£1.96)** + 11.57 (£2.49)*** X 16S rDNA + 0.24 (£0.02)*** X pH 0.75 0.001
Chitobiosidase —22.73 (£4.29)* + 12.36 (£5.1)*** X 16S rDNA + 0.36 (+0.05)*** X pH 0.63 0.001

@x6x P < 0.0001. All models have to be restricted to a maximum of only two parameters (see Materials and Methods).

icant shift toward higher evenness (the m value increased from —0.84
to —0.80; P = 0.031) was found after day 7 of incubation.

Analysis of the diversity of the chiA gene across treatments.
Given the fast activity and bacterial responses to the chitin amend-
ment and pH change, our interest in the immediate responses to
the treatment was raised. Thus, the samples taken at T0, T3, and
T7 were selected for deep pyrosequencing of the chiA gene. Se-
quencing was performed for all four treatments, each in three
replicate experiments. In total, 592,924 sequence reads of, on av-
erage, 450 bp were obtained; of those, 322,167 reads passed the
filtration settings. For each replicate per treatment, an average
8,949 reads were thus obtained, giving 26,793 reads per treatment
(Table 2). We defined chiA-based OTUs on the basis of an 80%
similarity criterion. OTU-based analyses were performed on nor-
malized numbers of sequences (3,854 sequences). Good’s cover-
age estimator (Table 2) then revealed that the main fraction of
family 18 chiA sequence types (OTUs) was detected across all sam-
ples. Based on the Chaol and abundance-based coverage estima-
tor (ACE) richness estimators, the chiA gene richness decreased
over time in the pH 8.7 soil, especially after chitin addition (Chaol
TO versus T3; P = 0.018), suggesting a doubly selective effect of pH
and chitin. The T7 samples of this treatment yielded the lowest
predicted richness values (ACE, 582 = 59; Chaol, 418 £ 9). Sim-
ilarly, the chiA gene diversity, expressed as the Shannon index,
decreased over time in the pH 8.7 soil supplemented with chitin
(TO versus T3, P = 0.035; TO versus T7, P < 0.001) and in com-
parison to the control (T3, P = 0.004; T7, P = 0.001), with the
lowest value at T3 (1.95 = 0.08; Table 2). In both native-pH mi-
crocosms, the decrease of richness was observed from T0 to T3,
with an increase at T7 (Table 2).

Representatives of each OTU were then used for a BLAST-P
query against the database. The number of OTUs affiliated with
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FIG 4 Changes in the shape parameter, m, which characterizes the evenness of
the rank-abundance distributions (RADs) over time.
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each of the best-hit chitinases and the identities between best hit
and representatives of OTUs are given in Table S1 in the supple-
mental material.

The BLAST-P results revealed high similarities between the
chiA gene profiles in all four treatments at TO (Fig. 5). Hence, there
were no immediate changes related to the chitin addition and pH
modulation that were applied. Furthermore, the chiA gene diver-
sity and composition remained stable in the native control soil
over the T7 experimental period. Addition of chitin lowered the
observed diversities in both native-pH and pH 8.7 soils. Also,
strong chiA gene diversity shifts concomitant with the pH were
observed (See Table S2 in the supplemental material). Stenotropho-
monas maltophilia-related chiA sequences dominated in the pH
8.7 soil (both with and without chitin) at T3 (P < 0.001) (Fig. 5;
see also Table S2 in the supplemental material), with increased
dominance in the chitin-treated soil. Although still present at T7,
the relative abundance of the S. maltophilia-related sequences had
decreased. After T7, Isoptericola jiangsuensis-type gene sequences
dominated the chiA gene pools in the chitin-treated pH 8.7 soils
(increase from <<1% to 30%; P < 0.001) (Fig. 5; see also Table S2
in the supplemental material). Thus, this type was the second
dominant chiA gene type after that of S. maltophilia. Also, in na-
tive-pH soil treated with chitin, there was an increase of such
sequences but not to the same extent as in the pH 8.7 soil (from
<1% to 8%; P < 0.001) (Fig. 5; see also Table S2 in the supple-
mental material). The native-pH soil treated with chitin was al-
ready dominated by Janthinobacterium lividum-type chiA se-
quences at T3 (48%; P < 0.001) (Fig. 5; see also Table S2 in the
supplemental material).

The same trends in the chiA gene diversity as described above
became visible at the phylum level (see Fig. S2 in the supplemental
material). Irrespective of time-, chitin-, and/or pH-related differ-
ences, Gamma- and Betaproteobacteria-like chiA gene sequences
became predominant after the addition of chitin to the soil used.
There were clear differences between the native-pH and pH 8.7
soils in the gene sequence composition. In pH 8.7 soils with and
without added chitin, Gammaproteobacteria-like chiA sequences
dominated, with higher percentages in the chitin-treated versus
untreated soil at T3 (96% versus 66%, respectively). At T7, these
percentages had decreased and were comparable between the two
systems (61% versus 55%). In the native-pH soil treated with chi-
tin, Betaproteobacteria-like chiA sequences dominated (an in-
crease from 6.6% at TO to 48% at T3 and T7). However, there was
also an increase in the percentage of Gammaproteobacteria-like
chiA gene sequences. The relative abundance of sequences with
similarity to chiA genes from Actinobacteria also shifted, as it ap-
peared that both the chitin treatment and pH increase had a neg-
ative effect on the relative numbers of sequences assigned to this
phylum.

DISCUSSION

In general terms, microbially driven chitin degradation is well
documented at the overall process level. Chitin degradation in soil
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TABLE 2 Observed richness and diversity estimates based on 80% OTU clusters

Bacterial Responses to Chitin and pH Alterations in Soil

Avg score = SE

Richness estimator?

Sample No. of sequences Sobs” ACE Chaol Shannon diversity index? Coverage”
TO pH 8.7 chitin® 5,825 * 1,946 478 £5 1,202 £ 8 888 £ 25 4.96 * 0.01 0.88
TO pH 8.7 6,735 £ 197 508 £ 12 1,278 £ 61 932 = 26 5.09 £ 0.02 0.88
TO pH 5.7 5,506 * 593 476 = 13 1,216 £ 25 876 = 15 4.87 £0.1 0.88
TO pH 5.7 chitin 5,176 * 425 453 £ 14 930 £ 128 782 * 37 4.83 = 0.07 0.88
T3 pH 8.7 chitin 11,799 % 1,530 177 = 15 580 *£ 125 421 = 67 1.95 £ 0.08 0.96
T3 pH 8.7 9,505 £ 214 339+ 6 907 = 74 705 =73 3.45 *+ 0.05 0.94
T3 pH5.7 6,315 £ 375 428 £ 15 1,032 = 86 767 £ 51 4.74 * 0.02 0.92
T3 pH 5.7 chitin 11,151 £ 1,049 243 £9 625 = 25 465 = 12 2.33 £0.09 0.92
T7 pH 8.7 chitin® 13,091 £ 564 227 £2 582 =59 418 £9 2.42 £ 0.02 0.95
T7 pH 8.7 10,199 = 548 369 * 23 983 £ 92 739 = 74 3.76 = 0.16 0.90
T7 pH 5.7 7,586 * 452 458 =7 1,175 = 86 855 = 35 4.78 £ 0.07 0.91
T7 pH 5.7 chitin 19,631 £ 8,849 267 £ 14 728 * 34 511 £33 2.78 £ 0.18 0.99

“ Sobs Observed richness.

b Data represent Good’s coverage, calculated as the number of OTUs that were sampled once/the total number of individuals in the sample.

¢ Data represent averages of the results of two replicate experiments.

@ Data were calculated based on 3,854 sequences per replicate obtained by a random resampling approach.

has been shown to be a relatively fast process (60% mass loss of
buried chitin in soil nets after 180 days [37], 40% mass loss after 5
months [24]). However, in spite of previous important work (2,
25, 37), there still is a paucity of knowledge on the actual succes-
sions that take place, in the face of chitin supplementation, during
chitin degradation in soil among the chitinolytic and other micro-
bial communities. For instance, no deep-sequencing studies have
been conducted that would provide a more comprehensive insight
into the effects of chitin and pH on the chiA gene diversity in soil.
Here, we combined enzymatic assays with bacterial abundance
and diversity assessments and deep chiA gene sequencing in order
to shed light on such effects.

Chitin addition to soil was shown to stimulate the overall com-
munity chitinase activities, which is likely to reflect the activity and
growth of a chitinolytic microbiota. In the process, it is likely that
the microbial growth following chitin amendment was affected
and possibly limited by other prevailing conditions, such as the
availabilities of other compounds that became limiting (e.g.,
phosphorus and/or iron) or predatory forces exerted by protozoa.
It is also important that the chitinase activity assays measure the
total enzymatic activity of the soil community and are not specific
for bacterially driven chitin degradation. In natural or agricultural
soils, chitin polymers are mainly of fungal origin, fungi also being
among major degraders of this compound. Thus, it is expected
that the measured enzymatic activity also reflects fungus-based
chitin degradation (38). Moreover, there is no clear distinction
between endo- and exochitinolytic activities (39). However, our
results showed the best predictors of chitinolytic activities for both
B-N-acetylglucosaminidase and chitobiosidase activities were
correlated with bacterial abundance and soil pH (explaining 89%
and 77% of the variations, respectively). Indeed, for both en-
zymes, the increases in bacterial abundances were related to in-
creases in enzyme activities. Hallmann et al. (40) observed that
bacteria respond much faster than fungi to chitin amendment of
soil.

Species (OTU) richness is considered to reflect the stability of
an environment (41, 42). Indeed, in our study, the number of
chiA-based OTUs was highest in the control soil microcosm. As
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expected, OTU richness decreased after chitin addition and/or pH
changes, probably as a result of the necessary adaptation of the soil
microbiota to the new conditions. The evenness of the species
distribution allows an evaluation of the overall biological activity
of a habitat, as high biological activity often coincides with low
evenness. This suggests that the conditions created in soil by chitin
addition as well as pH alteration induced changes in local condi-
tions, allowing selection of particular bacterial groups. Such dif-
ferential responses thus allow a better understanding, and possibly
mining, of the chitinolytic activities from such different locally
responsive communities.

Actinobacteria, which are widely distributed in soil, have been
pinpointed as important decomposers of complex organic mole-
cules in the soil environment. They are also often taken as repre-
sentative models of chitin degradation in soil (17, 24, 25). Actino-
bacteria are indeed commonly found in soil screens for
chitinolytic activities by culture-based approaches (37). However,
in our study, their numbers were negatively correlated with the
soil chitin level. This was observed for both the actinobacterial 16S
rRNA gene quantification and the actinobacterium-related chiA
gene sequences. One explanation could be that these organisms
exhibit slower responses to chitin addition to soil than those of
other groups. Moreover, they may show better culturability than
other bacterial groups, thus showing up abundantly on plates,
including those supplemented with chitin. Indirectly, this is con-
sistent with “the great plate count anomaly” (43), corroborating
the fraction of known culturable bacteria that is known to possess
chitinolytic activity (44). However, being aware of molecular-
technique biases (e.g., accounting for genome copy numbers,
DNA extraction efficiency, or the presence of inhibitors in the
DNA extracts influencing PCR efficiency), we are not able to mea-
sure absolute gene/bacterium abundances.

To analyze the changes in richness and diversity of the chiA
gene in our system, we employed analyses using chiA OTUs (de-
fined at the amino acid sequence level using an 80% similarity
cutoff). The initial BLAST-P analyses of our sequences gave an
impression of rather low chiA gene richness in our systems. How-
ever, our analyses may have been biased by the depth with which
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FIG 5 Comparison of levels of chiA gene diversity at different sampling points. The stacked-column graph represents the relative distributions of chiA genes
affiliated with different bacterial species based on BLAST-P analysis. All calculations were performed on normalized data. Average relative abundance data from
three replicates were calculated as the ratio between the sequence type abundance and the total number of sequences in the group. Sequence types represented
by less than 1% of the sequences are grouped and presented on the graph as the “<1%?” group.

the available reference sequences represent the genes found in
ecosystems. The existing database may actually be rather limited,
and so our data set adds a large amount of novelty to the database.

Furthermore, although we tentatively assigned affiliated spe-
cies to the partial chiA sequences obtained, reliable identification
of the chiA gene-carrying bacterial species is clearly difficult on
this basis. The reason for this cautionary note is that 16S rRNA
gene-based phylogeny is often not consistent with chiA gene-
based phylogeny. Cottrell et al. (45) revealed a closer relationship
of chiA genes of the gammaproteobacterium Vibrio with those of
Alphaproteobacteria than with those of bacteria belonging to the
Gammaproteobacteria. Moreover, Xiao et al. (46) showed that the
chiA genes obtained from the taxonomically divergent Janthino-
bacterium lividum, Cytophaga sp., and Stenotrophomonas sp.
shared surprisingly high (95%) identity. Similarly, Ramaiah et al.
(47) showed that the chiA gene of Vibrio sheri did not group with
that of other Vibrio types. Horizontal gene transfer is suggested to
be responsible for these observations of unexpected high sequence
similarities between similar gene types in unrelated taxa. In con-
trast to these findings, Metcalfe et al. (17) found a perfect match
between chiA and 16S rRNA gene sequence-based phylogenies in
streptomycetes as well as in Stenotrophomonas maltophilia. Thus,
given these contrasting findings, more data comparing chiA and
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16S rRNA gene sequence phylogenies on the basis of the same
organisms are needed to allow a definition of the relationship
between these two genes. With respect to this, we have referred to
“-type” or “-like” sequences rather than to defined affiliations.

Our data demonstrated, irrespective of time-, chitin-, and pH-
related differences, that Gamma- and Betaproteobacteria-like chiA
gene sequences became predominant after the addition of chitin
to the soil used. An abundance of Gammaproteobacteria (studies
based on the 16S rRNA gene marker) in chitin-amended soil has
recently been reported (44), with dominance of Cellvibrio species
(37). However, although C. gilvus-like sequences were also iden-
tified in the current study, they covered only about 0.01% of the
total chiA gene diversity and their relative abundance was not
affected by chitin addition.

The main group of sequences found in our study, mainly as
responders to chitin addition, was related to sequences from a
limited number of Gram-negative organisms. Interestingly, by in-
ference, organisms potentially involved in plant pathogen sup-
pression were thus stimulated. One major gene type was affiliated
with the chiA gene of S. maltophilia. Stenothrophomonas and Ly-
sobacter, which were also identified in our study, are rather oppor-
tunistic organisms which can respond extremely quickly to
emerging ecological opportunities in soil. The former genus is
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under investigation as a candidate for the biological control of,
primarily, plant-pathogenic nematodes (48-51). S. maltophilia
strains have an extraordinarily high hydrolytic enzyme potential
(52). In addition to chitinases, they produce diverse proteases,
glucanases, DNases, RNases, lipases, and laccases. Both chitino-
lytic and proteolytic activities are thought to contribute to their
biocontrol capacity. S. maltophilia as well as Lysobacter spp. occur
widely in soils (53). The second major chiA gene type found was
related to a Janthinobacterium lividum chiA gene. Janthinobacte-
rium species are common in soil (54) and aquatic (55) environ-
ments. J. lividum was recently found to inhibit fungal pathogens of
amphibians (56-58), again highlighting a potential role in patho-
gen suppression. The third major chiA gene type was related to
Isoptericola jiangsuensis chiA. Two chitinases, i.e., Is-chiA (with
chitobiosidase activity) and Is-chiB (showing endochitinase activ-
ity), have been recently identified and characterized in I. jiang-
suensis. Interestingly, the optimal pH of Is-chiB was observed to be
around 9.0 and the enzyme retained 80% of its activity during 1 h
of incubation in buffers from pH 7.0 to 10.0, with the highest
stability at pH 8.5. The enzyme does not reveal a chitin-binding
domain; however, this did not affect its activity toward a soluble
substrate. The genus Isoptericola comprises six identified species;
however, only I. jiangsuensis was shown to have chitinolytic activ-
ity (59, 60). Strikingly, we found that, in spite of their established
role in chitin degradation, actinobacteria were not among the pri-
mary responders to the added chitin. This finding can be ex-
plained by the fact that we placed a focus on the immediate re-
sponders to the substrate, which may well have been mainly the
r-responding Gram-negative bacteria described. In contrast, K-
responding actinobacteria may be among the late responders,
which in this study fell beyond the chosen focus on the immediate
responders.

In summary, this study showed that modulation of chitin avail-
ability and pH in an agricultural soil induces shifts in the chitin-
degrading microbial communities, which has potential relevance
for the pathogen-suppressive nature of soil. The soil used, Vrede-
peel, had been treated with chitin in the field, and indeed its sup-
pressiveness toward particular pathogenic nematodes has been
raised (61). Our study lays the basis for further work on the spe-
cific activities exerted by the substrate-responsive communities.
In particular, their exact role in the suppressiveness needs eluci-
dation, as well as the specificity of the enzymes they produce for
biotechnological purposes.
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