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Abstract

Vermicomposting is an effective and environmentafiyendly approach for
eliminating soil organic contamination. Atrazineoise of the most commonly applied
triazinic herbicides and frequently detected in i@gtural soils. This study
investigated the roles and mechanisms of two eartmwspecies (epigeiEisenia
foetida and endogei@mynthas robustus) in microbial degradation of atrazine. Both
earthworms accelerated atrazine degradation peafczcenfrom 39.0% in sterile soils
to 94.9%-95.7%, via neutralizing soil pH, consumswl humus, altering bacterial
community structure, enriching indigenous atrazolegraders and excreting the
intestinal atrazine-degrading bacteifodoplanes and Kaistobacter were identified
as soil indigenous degraders for atrazine minexdin and stimulated by both
earthworm specie#\. robustus excreted the intestin&@upriavidus andPseudomonas,
whereas Flavobacterium was released byE. foetida. This study provides a
comprehensive understanding of the distinct effettsvo earthworm species on soil
microbial community and atrazine degradation, affgrtechnical supports to apply

vermicomposting in effective soil bioremediation.
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1. Introduction

Pesticide have become an important part of modern agriciltmowadays,
particularly for integrated pest management (IPKg. one of the most commonly
applied triazinic herbicides, atrazine (2-chloro-4-
ethylamino-6-isopropylamino-1,3,5-triazine) leadggtobal problem of soil and water
pollution owing to its massive usage, high chemstability, apparent mobility, and
significant toxicity to humans and ecosystems (Dasgjet al., 2017; Sanchez et al.,
2017). Although atrazine has been banned for fuigeein the European Union, it is
allowed in many other countries including the UditStates and China, with an
increasing annual consumption at a rate about 2@ ¢t al., 2017). Due to the high
persistence in the environment, atrazine natutehaation in soils takes extremely
long time, normally years or even decades to o@@ominguez-Garay et al., 2016).
The atrazine mass fractions in soils ranged frotavbeletection of limit (<LOD) to
several mg/kg. It was reported that the atrazingsnfeaction in the Yangtze River
Delta agricultural soils ranged from <0.001 to @.Mg/kg dry soil mass, with a mean
of 0.0057 mg/kg (Sun et al., 2017). Readrefal. (1993) also found atrazine mass
fraction from <0.001 to 4.9 mg/kg across Mediteeam sediments. The residual
atrazine mass fraction was in the range of 0.055-fhg/kg in Iran soils (Dehghani et
al., 2010). How to accelerate atrazine degradatid@ and improve its remediation

performance has caused increasing attentions.

Microorganisms capable of mineralizing atrazine arbiquitous in atrazine
contaminated soils, e. gRhodococcus, Pseudomonas, Acinetobacter, Rhizobium,
Agrobacterium, Xanthomonas and Arthrobacter (Liu et al., 2016; Douglass et al.,

2017). However, their degradation efficiencies egfatively low due to their slow
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growth, low abundance and poor catabolic activi{iésirnside et al., 2009; Fang et
al., 2015; Zhang et al., 2015). Bioaugmentationams environmentally friendly
approach for rapid and cost-effective clean-up wézmne from the environment
(Alekseeva et al., 2011). Currently, most bioaugiaiigon approaches attempt to add
exogenous degrading strains or growth-promoting stsates to improve the
abundance or activities of atrazine degraders, amther accelerate atrazine
bioremediation (Douglass et al., 2015; Zhang et &015). For instance,
Pseudomonas sp. ADP andChelatobacter heintzii are used as inoculants in atrazine
bioaugmentation, and the functional degradatioregencludeatzA, atzB, atzC, atzD,
atzE, atzZF and trzD (Monard et al., 2008). The degradation capabildy
Pseudomonas sp. cells are reported to be enhanced by theiaddaif Layered Double
Hydroxide bionanocomposites (Alekseeva et al., 20Chrbon nanotubes can also
enhance the biodegradation rate of atrazine thratighulating bacterial growth and
the expressions of degradation genes (Zhang eR@l5). Nevertheless, the main
drawbacks of bioaugmentation lie in the poor enwmental adaptability of the
inoculated degraders, low utilization of additivdstrates, insufficient oxygen supply
and poor sustainability (Zhang et al., 2015; Zhalet2017). In addition, atrazine is
easily adsorbed by soil organic matters and agtgeggreatly reducing its biological
accessibility or bioavailability and inhibiting mabial mineralization (Prado et al.,
2014). Hence, bioaugmentation is successful in state work but always

guestionable in field trials.

Earthworms represent a dominant fraction of biom@sgerrestrial ecosystems,
having strong environmental adaptability, reprotgcttapacity and high resistance
(Shan et al., 2014). The bioturbation of earthworca:m increase soil aeration,

improve the transport and distribution of microongms, and enhance the contact
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between microorganisms and reactants (Lin et 8l68). Additionally, earthworms
also increase soil microbial activities via digegtiorganic matters and improving
nutrient availability (Lin et al., 2016a). Thus, reecomposting treatments with
earthworms can ameliorate soil properties, offeetlimitations in bioaugmentation,
and consequently improve the pollutants removatieficy (Li et al., 2015; Lin et al.,
2016a). Lin et al. (2016a) reported earthworms significantly enharbe
pentachlorophenol (PCP) degradation by improving oysicochemical properties
and increasing microbial biomass and activitleanbricus terrestris L. is found to
influence the persistence and transport of atramneoils, leading to the faster
atrazine dissipation and mineralization in vermipasting treatments (Farenhorst et
al., 2000). Despite numerous studies investigatitegroles of vermicomposting in
enhancing organic pollutants biodegradation, litHeknown about the effects of
different ecological earthworms on atrazine mingetion, via altering soil microbial

community structure and encouraging atrazine-deggaaicrobes.

Herein, this study investigated the roles of twmlegically distinct earthworms

(epigeicEisenia foetida and endogeiémynthas robustus) in atrazine degradation in a
classic red soil in China. During 28 days vermicostmg treatments, our main aims
were: 1) to analyze the atrazine residual massidrescand degradation efficiencies in
vermicomposting treatments; 2) to explore the erice of two earthworms on soil
properties and bacterial community structure ingets; 3) to identify the promoted

atrazine degraders by two ecological earthwormsduatrazine degradation process.

2. Materialsand Methods

2.1 Soil samples

Surface upland soils (0-20 cm) were collected fAmboretum in South China
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Agricultural University in Guangzhou, China (289.32'N, 113°2112.75'E), which
were identified as red soil and no atrazine wagsdaable. All the soil samples were
air dried, passed through a 2-mm sieve, and adjusté&&0% moisture prior to use.
Two earthworm species, endogéicrobustus and epigeicE. fetida, were purchased
from Yingde and Jiangmen (China), respectively.aaimne (purity>98%), methanol,
acetone and ethanol were purchased from SigmaehldtSA), and all the other
chemicals were purchased from Chengshuo CompanindClexcept for specific

statement.

2.2 Experimental design and procedure

Six treatments were set to evaluate atrazine dageoed performance in
bioremediation and vermicomposting process, asdigt Table 1, including: sterile
soil (CKs), original bulk soil (CKn), sterile saiith epigeicE. foetida (SsEe), sterile
soil with endogeid. robustus (Sska), bulk soil with epigeiE. foetida (SnEe), bulk
soil with endogeicA. robustus (SnEa). Given the frequently detected atrazinesmas
fraction in soils (mg/kg level) and lethal dosage éarthworms (LBy=78 mg/kg)
(APVMA, 1997), the contamination level of atrazineour study was set as 10 mg/kg.
The preparation of artificial atrazine-contaminasals followed previous protocol
(Lin et al., 2016a), and the final atrazine masstfon was 10 mg/kg (dry soil mass)
for all the treatments. In vermicomposting treattaethe 2 kg soils were further
added with 30 epigeiE. foetida (0.93£0.13 g) and endogefc robustus (2.24 +0.26

g), respectively. Each treatment was carried otriphicates.

Table 1. Experimental treatments.

Treatment Note Soil (kg) Atrazine mass fraction Earthworm




(ma/kg) (number /treatment)
CKs Sterile solil 2 10 -
CKn Bulk soil 2 10
SskEe Sterile soil +E. foetida 2 10 30
Sska Sterile soil +A. robustus 2 10 15
SnEe Bulk soil +E. foetida 2 10 30
SnEa Bulk soil +A. robustus 2 10 15

138 2.3S0il property analysis

139  Soil pH was measured in soil-water slurry (1:2.9minby a combination glass
140 electrode. Soil total nitrogen was determined bgl#ahl digestion (Li et al., 2015).
141  After digestion with perchloric acid and hydroflimacid, soil total phosphorus and
142  potassium were measured by colorimetric assay (amumo molybdate) and by
143 atomic absorption spectrometry (AAS), respecti@igirnside et al., 2009). Soil total
144  organic carbon (TOC) content was determined byrdidlate oxidation. The content
145  of fulvic and humic acids and humin were alkalinetracted and determined
146  following standard methods for soil analysis (Swif896). Soil texture was measured
147 according to the United States Department of Adpice soil textural triangle
148  standard. The determination of soil maximum wateiding capacity followed
149  previously described cutting-ring methods (Lin ket 2016b). The physical properties
150 of the soils included: pH 5.52, TOC 36.60 g/kg,atohitrogen 1.29 g/kg, total
151  phosphorus 1.05 g/kg, and total potassium 11.3%.gfke soil contained clay

152 (38.72%), sand (33.36%) and silt (27.92%), clasdifis clay loam.

153  Soil basal respiration was determined after 0, 4, 21 and 28 days of atrazine
154  degradation, according to Lin’s method (Lin et &Q16b). The total number of

155  cultivable bacteria, fungi and actinomyces werented as colony forming units
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(CFUs) on agar plates using the dilution plate mé&thThe media used for the
enumeration of bacteria, fungi, and actinomycesewszef extract peptone medium,
Czapek's medium, and Gause’s No. 1 synthetic medmaspectively (Zhen et al.,

2014).

2.4 S0il atrazine analysis

Soil atrazine was extracted by methanol batch-etitna method (Lin et al., 2016a).
Briefly, the 2.0 g freeze dried soil was transfdrieto polycarbonate centrifuge tube
and added with 20 mL of methanol. After standing 1@ min and subsequently
ultrasonic extraction for 15 min, the soil-metharsoispension was centrifuged at
3,200 xg. The above procedure was repeated 3 temelsthe 60 mL of extracts were
pooled together. Concentrated by rotary evaporatmr2 mL, the extracts were
transferred to solid-phase extraction column (AcOM® [ ODS-C18 Cartrid-gas
500 mg/6 mL, using 4.5 mL of methanol to activatejvas further eluted with 3 mL
of 5% ammonia methanol solution for three timesl @re eluent was blown to nearly

dry with nitrogen gas and diluted with methanoRimL Agilent spectrum bottle.

Atrazine was quantified using high-performance iliqehromatography (HPLC,
Waters 1525/2487, USA), supplemented with a Wates85 binary pump, an
analytical reversed-phase columnufs Pinnacle Il C18, 4.6 mm i.d. and 25 cm long,
Waters, USA) and a Waters 2487 dual absorbance id\d&tector. The mobile phase
consisted of 80% methanol and 20% phosphate b{ifeemmol/L) and was pumped
at a rate of 1.0 mL/min. Measurements were taketleunsocratic conditions at
25+1C at a wavelength of 220 nm. The injection volumeswtOuL. Soil atrazine
mass fraction was determined according to the atandurves from five external

standards.
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2.5S0il microbial community analysis

After 28 days atrazine degradation, soil DNA inle@aieatment was extracted with
PowerSoil DNA extraction kit (MoBio, USA) followingnanufacturer’s instructions.
DNA concentrations were determined using an ND-2008Vis spectrophotometer
(NanoDrop Technologies, USA). The hypervariablergdion of the 16S rRNA gene
was  subsequently amplified using the primer pair o0bl5F
(5-GTGCCAGCMGCCGCGGTAA-3 and 806R (5GGACTACVSGGGTATCTA
AT-3') with barcode, following previously described ol (Sengupta and Dick,
2017). Purified PCR amplicons were sequenced byiltimaina HiSeq2500 platform
(Novogene, China). All the reads passed the quéligring, and the reads were
discarded if the barcodes were uncorrectable, éisedwith Phred Quality Score <19
covered above 30% of the read, or the ambiguowsshasre over 5%. Chimeras were
removed and the sequences with high quality warsteted into different operational
taxonomic units (OTUs) based on 97% similarity gsinUparse

(http://drive5.com/uparse/). The OTU representatsefjuences were chosen for

taxonomical classification using QIIME pipeline aRibosomal Database Project

(RDP) (Xu et al., 2017).

2.6 Data analysis

One-way analysis of variance (ANOVA) was perfornteddetermine the difference
between treatments, and the significant differgpe®.05) was marked with different
alphabet letters in figures. All statistical an&ywas carried out in SPSS (Version
18.0). Alpha-diversity (observed species, Chaol &hdnnon) was used to estimate
the complexity of bacterial community in differesamples using QIIME software

(http://giime.org/scripts/alpha_diversity.html). Weighted Pair-group Method with
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Arithmetic means (UPGMA) was performed as the madmaal clustering method

interpreting the metric distance matrix using agerinkage and cluster of bacterial

genus by QIIME softwaréhttp://giime.org/scripts/upgma_cluster.html). Thejor
bacterial lineages in total sequences (top 10)kebeai the heatmap analysis and

species classification tree among different samplesg R software and MEGAN,

respectively (http://ab.inf.uni-tuebingen.de/softeé/enegan4/). Canonical
correspondence analysis (CCA) was conducted tosimgate the impacts of each

environmental factor on bacterial community stroetusing R software.

3. Reaults

3.1 Atrazine degradation performance

The residual atrazine mass fraction in all the tinemts during the 28 days
degradation was illustrated in Figure 1. There n@aslifference among the treatments
at 0 and 7 days (p>0.05). From 14 days, the rekawazine in vermicomposting
treatments, especially in SnEe and SnEa treatmatiisbulk soils, was significantly
lower than that in CKs and CKn (no earthworm). Af&8 days biodegradation,
atrazine residue in CKn (4.23 mg/kg) was signiftbalower than CKs (6.05 mg/kg),
proving the functions of soil indigenous microorggans in atrazine mineralization. In
sterile soil treatments, the atrazine mass fragticBsEe and SsEa was 4.77 and 3.97
mg/kg, both significantly lower than that in CKs.q3 mg/kg, p<0.05). Thus,
additional 1.28 and 2.08 mg/kg of atrazine was nezdoby epigeicE. foetida and
endogeicA. robustus, respectively. The results indicated that eartlmgthemselves
could enhance the atrazine abiotic degradatiorsiplysattributing to their intestinal
flora capable of mineralizing atrazine directly. balk soil treatments, the residual

atrazine was much lower, 0.51 mg/kg in SnEe and thd/kg in SnEa. It suggested



228 that soil indigenous microorganisms contributed ttee majority of atrazine
229 degradation, and earthworms could promote theiivides and thus accelerate

230 atrazine mineralization.
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232 Figure 1. Soil residual atrazine mass fraction during atraaiegradation process in
233  different treatments. Bars with different lower-eaketters (a, b and c) refer to
234  significant differences (ANOVA, Duncan'’s test, p&b) among the treatments, where

235 the same letter indicates no significant difference

236 3.20il microbial profiles

237  After 28 days vermicomposting, the pH value in SalBd SnEa treatments was 6.36
238 and 6.61, respectively, both significantly highwairt that in SsEe and SsEa treatments,
239 followed by CKs and CKn (Table 2). The soil TOC waghest in CKn and CKs
240 (22.67 g/kg and 23.42 g/kg, Table 2), about 10%enlban those in vermicomposting
241  treatments (SsEe, SsEa, SnEe and SnEa). Table grawed the significant decrease
242 of humic acid and humin in both vermicompostingatnreents (SnEe and SnEa

243  comparing to CKn; SskEe and SskEa comparing to Gis@reas fulvic acid remained
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the same. The results fitted well with the declinisoil TOC, attributed to the

consumption of humic acid and humin by both eartimgo

Soil basal respiration, microbial biomass carbon amcrobial biomass nitrogen
varied across different treatments throughout ttrazene degradation process, as
shown in Figure 2. They all peaked on Day 14 areh ttlecreased until the end of
experiment. The highest soil basal respiration (Bey 14, Figure 2A) was observed
in SnEe (249.55 mg/kg) and SnEa (306.9 mg/kg), ifsegmtly higher than CKn
(151.12 mg/kg), SsEe (87.15 mg/kg) and SsEa (120@§%g). Similarly, the highest
microbial biomass carbon was found in SnEa on da{8390.85 mg/kg), followed by
SnEe (351.57 mg/kg), CKn (193.57 mg/kg), SsEa @®B3ng/kg) and SsEe (87.53
mg/kg) (Figure 2B). The SnEa treatment also had higiest microbial biomass
nitrogen (117.37 mg/kg, Figure 2C), showing no sigant difference with SnEe
(90.27 mg/kg), but remarkably higher than CKn (@2m8g/kg), SsEa (27.34 mg/kg)
and SsEe (23.36 mg/kg). Our results suggestedotithtsoil microbial activities and

biomass were enhanced by earthworms.
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Figure 2. Soil basal respiration (A), microbial biomass carb(B) and microbial
biomass nitrogen (C) during atrazine degradatiacgss in different treatments. Data
are mean = standard deviation (SD, n=3). Bars ditfierent lower-case letters (a, b

and c) refer to significant differences (ANOVA, Dnam’s test, p<0.05) between



264  treatments, where the same letter indicates ndfisigmnt difference.

[EV T - @y 3o

Amount of cultivable actinomycetes (x10° CFU/g)

[l

ria (x10° CFU/g)
B
®

Amount of cultivable fungi (x10* CFU/g)

M
g0
H
H
H
<

£h
il Zﬁi

CKs CKn Sk SsEa Soke SnEa CKs

Treatments

265

266  Figure 3. Colony forming units (CFU) of cultivable bacterfa), fungi (B) and

267  actinomyces (C) during atrazine degradation progessfferent treatments. Data are
268 meanzSD (n=3). Bars with different lower-case Istt@, b and c) refer to significant
269 differences (ANOVA, Duncan’s test, p<0.05) betwdesatments, where the same

270 letter indicates no significant difference.

271

272



273  Table 2. Soil properties after 28 days atrazine degradation.

Treatment pH TOC (g/kg) Fulvic acid (mg/kg) Humic acid (mg/kg) Humin (mg/kg)
CKs 5.27+0.25d 22.67%0.66 a 6.240.17 b 791051 a 8.780.56 a
CKn 5.37£0.27d 23.4Z0.54 a 7.710.18 a 7.510.57 a 9.230.19 a
SsEe 5.67£0.17c 18.770.62c 7.11+r0.41 ab 2.33:0.68 bc 7.540.29b
SsEa |5.93+0.04 bc 19.14+0.71c 6.94-0.43 ab 1.940.38c 6.11+r0.42 c
SnEe | 6.36t0.11ab 21.060.89b 7.97-0.28 a 3.11%0.79b 6.45-0.17 ¢
SnEa 6.61+0.30a 20.06-1.17 bc 8.21+0.70 a 2.430.50 bc 6.17-0.39 c

274  Note: Bars with different lower-case letters (ackand d) refer to significant differences (ANOMBuncan’s testp<0.05) between treatments,

275  where the same letter indicates no significanedghce.



276  Figure 3 illustrated the number of bacteria, fuagd actinomyces during atrazine
277  degradation in different treatments. Cultivabletbaa showed a dramatic increase
278 from O to 28 d (Figure 3A), and more cultivable tea@ were found in
279  vermicomposting treatments with bulk soils (SnEd &mEa) than bulk soils (CKn),
280  all significantly higher than those in vermicompogtwith sterile soils (SsEe and
281 SsEa). After 28 days degradation, the number dfvallle bacteria was 42.01x10
282 CFUlg in SnEa, 35.57x20CFU/g in SnEe, 17.54x1CFU/g in CKn, 15.58 x10
283  CFU/g in SsEa and 13.41x10FU/g in SsEe. Cultivable fungi increased from @1o
284 d (Figure 3B), and then kept stable until the emddegradation. There was no
285 difference among bulk soil treatments (CKn, SnEe &nEa) throughout the
286  degradation process, and they were all signifigahifjher than those in sterile soill
287 treatments (SsEe and SsEa, p<0.05). The numbeunltdpfable fungi after 28 days
288 degradation was 2.33x10CFU/g, 2.17x1h CFU/g, 2.24x1H CFU/g, 0.36x1H
289 CFU/g and 0.45xI0CFU/g in SnEa, SnEe, CKn, SsEa and SsEe treatments
290 respectively. Similarly, cultivable actinomyces kepable in CKn, increased in SskEe
291 and SsEa treatments, but peaked on 14 d in SnE&riBd treatments (Figure 3C).
292 On day 28, cultivable actinomyces in SnEe and SwmEatments were 3.58x10
293  CFU/g and 3.21x10CFU/g, much higher than those in SsEe (2.39xBU/g) and
294  SsEa (2.81x10CFU/g) treatments. They were about 5-7 times highan that in
295 CKn treatment (0.58xPOCFU/g). Our results indicated that both earthworms
296 significantly promoted the numbers of cultivable ctesia and actinomyces,
297  potentially altered microbial community structunedaencouraged their functions in
298 atrazine degradation. The majority of cultivablengu were from bulk soils, and

299  vermicomposting did not show remarkable impactsahfungal communities.
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3.3S0il bacterial community structure

A total number of 188,454 high quality reads web¢amed from all the treatments
after filtering low quality reads and chimaerasd anmming the adapters, primers
and barcodes. In each treatment, the effectivesreade 37,611 for CKn; 37,650 for
SsEe; 39,636 for SsEa; 33,090 for SnEe and 340128rfEa. The OTU numbers in
CKn, SnEe and SnEa were 1,030, 962 and 1,054 fisemiy higher than those in

SsEke (642) and SsEa (671), as listed in Table &tef&tion curves of observed
species and Shannon index approached the plateau léss than 5,000 tags per
sample (Figure S1), suggesting a sufficient seqognalepth for microbial

community analysis. To evaluate microbial commuiityersity, the alpha-diversity

indices were calculated and listed in Table S1n8ba and Chao 1 indices in SnEe
and SnEa treatments were similar as that in CKatrtrent, all significantly higher

than vermicomposting treatments with sterile sdi&sEe and SsEa, p<0.05).
Accordingly, the observed species in SnEe, SnEa @GiKd treatments were also
higher than that in SsEe and SsEa. The resultalexvéhat the diversity and richness
of bacterial community in bulk soils were signifitly improved by both earthworms.
In sterile soil treatment with earthworms, the mi&yoof detected OTUs came from

earthworm intestinal bacteria which were less abahthan soil indigenous bacteria.
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Figure 4. Soil microbial community barplot with cluster tre¢ the genus level.
Taxonomic classification of 97% sequence ident#ycliassified to the genus level

using RDP classifier.

The taxonomic information at the genus level ifedént treatments was shown in
Figure 4. The cluster tree was applied to iderttigy similarity of bacterial community
structures among the five treatments, and two etsstere well separated from each
other, suggesting two distinct types of bactermahmunities. Generally, the microbial
communities in CKn and bulk soil treatments witintleaorms (SnEe and SnEa) were
clustered together, indicating a higher communityilarity among these treatments.
The bacterial assemblages in the three treatmesres predominated biyaistobacter,
Burkholderia, Dyella, Flavisolibacter, Rhodoplanes, Thermomonas and
Alicyclobacillus. On the contrast, SsEe and SsEa were clusteredhtrg and the
dominant bacterial genera includedlavobacterium, Pedobacter, Cupriavidus,
Pseudomonas, Burkholderia, Sphingobacterium and Achromobacter. The heatmap
plots of the soil microbial communities based omyBCurtis distance (Figure S2)

illustrated a similar cluster and similarity betwetese treatments.
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Figure 5 illustrated that, ithe treatments with bulk soils (CKn, SnEe and Snbe)
relative abundance oFlavisolibacter (3.71%, 3.03% and 1.37%Rhodoplanes
(1.68%, 2.89% and 2.33%) arithistobacter (6.73%, 11.50% and 12.20%yas
higher than that in treatments with sterile soi&skEe and SsEa) (Figure S3).
Additionally, the relative abundance oRhodoplanes and Kaistobacter was
significantly higher ifSnEe and SnEa treatments than that in CKn, whéneas was
no difference folFlavisolibacter. The results indicated that thesxere soil indigenous
bacteria, and earthworms could enricRhodoplanes and Kaistobacter.
Flavobacterium (16.52% and 13.02%lRedobacter (15.11% and 7.40% upriavidus
(6.26% and 14.97%)Chitinophaga (0.58 %and 3.32%and Pseudomonas (2.57%
and 7.71%) were only dominant in SsEe and SsEantezds but they were rare
genera in CKn, SnEe and SnEa, suggesting their argjmality from earthworm gut
(Figure S3D and S3E). Higher relative abundandélafobacterium and Pedobacter
was found in SsEe treatment (epigBidoetida), whereaupriavidus, Chitinophaga
and Pseudomonas were enriched in SsEa treatment (endog&icrobustus). It
suggested the different intestinal bacteria in t ecological earthworms.
Burkholderia and Dyella were predominant in all the treatments, and thelative
abundance was higher in SnEe (3.00% and 3.72%¥%aBkd (4.47% and 3.63%) than
those in CKn (2.80% and 2.57%). It hinted that tthve bacterial genera were from
both bulk soils and earthworm guts, and they weaemeraged by earthworms during

vermicomposting process.
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Figure5. The species classification tree and relative abocelaf the top 10 bacterial

Pseudomonas

co

lineages. Flavisolibacter, Rhodoplanes and Kaistobacter had higher relative
abundance in bulk soil treatments (CKn, SnEe artgafthan sterile soil treatments
(Ssee and SsEa)-lavobacterium, Pedobacter, Cupriavidus, Chitinophaga and
Pseudomonas were dominant genera only in SsEe and SsEa tretanBamkholderia

andDyella were predominant in all the treatments.

3.4 Correlations between bacterial community and environmental factors

The ordination diagram of canonical correspondescalysis (CCA) illustrated a
clear correlation between microbial community dinoe and environmental factors
(Figure 6). Soil pH and atrazine content were higtdrrelated with the first CCA

axis and accounted for 52.95% of the total vamabbserved in bacterial community
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structure. Humin and fulvic acid were correlatedthwthe second CCA axis,
explaining 20.75% of the total variation. The impateach environmental factor on
microbial community structure was represented ey lédngth of the arrow, and the
cosine angle between the arrows showed their oelsitip (smaller angle indicated
more significant correlation). Thus, soil residafazine was significantly positively
correlated with humin (p<0.01), humic acid (p<0.0&)d TOC (p<0.05), but
negatively correlated with pH (p<0.01). They wereykenvironmental factors
affecting atrazine degradation performance. Mealewithe bacterial community
groups of bulk soil treatments (CKn, SnEa and Snisge discriminated from those
of sterile soil treatments (SsEa and SsEe) byitee@CA axis. Accordingly, the top
10 abundant bacterial genera were also separatedwo groups by the first CCA
axis. Kaistobacter, Burkholderia, Dyella, Flavisolibacter and Rhodoplanes were

clustered in Group 1 close to bulk soil treatmentd)ereas Flavobacterium,

Pedobacter, Cupriavidus, Pseudomonas and Chitinophaga were grouped together
with relative closer distance to sterile soil treants. It is noteworthy that
Flavobacterium and Pedobacter leaned towards SsEe treatment, wi@igpriavidus

and Pseudomonas trended towards SsEa treatment, consistent withregults from

species classification tree (Figure 5).
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Figure 6. Canonical correspondence analysis (CCA) of 16S rRi&ke and
environmental factors. Arrows indicate the diregtamnd magnitude of environmental

factors associated with bacterial community stmectu

4. Discussion

In the present study, the roles of two ecologi@atlevorm species were investigated
in soil atrazine vermicomposting degradation. Tigmificant lower residual atrazine
in CKn than CKs after 28 days degradation highBgiie major contribution of the
indigenous microorganisms to atrazine mineralizatla sterile soil treatments (SsEe
and SsEa), both endogenic and epigeic earthwormkl adiminate atrazine alone
without soil microorganisms, but the atrazine reaiafficiency was relatively lower
than that in vermicomposting treatments with budkss(SnEe and SnEa, Figure 1).
Our findings suggest earthworms can accelerateiagradegradation rate in soils.
Here, atrazine had significantly positive corr@atwith humic acid, TOC and humin,
but was negatively correlated with pH (Figure B)eTesults showed that earthworm

treatments could neutralise soil pH and consumeiti@tid and humin (Table 2),



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

which are the key environmental factors for atraziegradation (Hickman and Reid,
2008; Indraratne et al., 2008; Wang et al., 20Tk acid dissociation constant (pKa)
of atrazine is 1.68, and the ionized atrazine foactherefore increases at higher soil
pH and principally raises atrazine availabilityniacroorganisms. Andleedt al. (2016)

reported higher atrazine degradation rate at pHai pH=5, attributing to the change
of atrazine mobility and distribution under diffatgopH conditions (Deng et al., 2017).
Hence, earthworms could enhance atrazine degraddyo neutralizing soil pH.

Additionally, soil organic matters (fulvic acid, mic acid and humin), which have the
strong hydrogen bonding and van der Waals forae st@ngly sorb atrazine in soils
and decrease its availability (Delwiche et al., £08agarkar et al., 2014). The
consumption of humic acid and humin by earthwormghis study therefore releases
atrazine from soil aggregates and consequentlylexates its biodegradation. Our
findings are consistent with Luepromchai’'s work tttiae enhanced removal of
polychlorinated biphenyl (PCB) in vermicompostirgy attributed to the increasing
PCB availability and the abundance of PCB-degradengpromchai et al., 2002).

Besides, dechlorination of soil dichlorodiphenylivioroethane (DDT) and PCP is
also enhanced by earthworm-stimulated aerobic dagjom by soil microorganisms

(Lin et al., 2012; Lin et al., 20164a; Lin et alQ15b).

The abundance and activities of atrazine-degraaler&ey to the successful atrazine
mineralization. In the present study, earthwormeoeraged cultivable bacteria and
actinomyces (Figure 3), thus improving soil basapiration and microbial biomass
(Figure 4) and increasing the soil microbial rickseand evenness (Table S1 and
Figure S1). It might be explained by earthworm tib&tion which augments soil
porosity and oxygenation, increasing microbial \attés and access to atrazine

(Chachina et al., 2016). In addition, the mucuspeuand cast of earthworms are



427  nutritionally rich and can also stimulate soil igelhous microorganisms and aid in
428 atrazine biodegradation (Schaefer and Juliane,)200% species classification tree
429 and CCA diagram revealed that tReavisolibacter, Rhodoplanes and Kaistobacter

430 were soil indigenous bacteria, and of them, thatired abundance dRhodoplanes

431 and Kaistobacter was increased in vermicomposting treatments (Eidurand 6).
432  Most of the identified genera have the ability egchde various organic pollutants in
433  previous research, such as atrazine, PCP, chledr#tenols and polycyclic aromatic
434  hydrocarbons (PAHSs) (Alekseeva et al., 2011; Betmaral., 2012; Lin et al., 2016Db).
435  Aillijiang et al. (2016) demonstrated th&hodoplanes is an aromatic degrader of
436  PAHs and phenol, and Yare al. (2014) also found the enhanced soil nonylphenol
437  removal in earthworm treatments stimulatRigpdoplanes. Kaistobacter belonging to
438  the family Sphingomonadaceae has higher abundance in PCB contaminated soils and

439 is responsible for PCB dechlorination (Yu et aD12). Sohingomonadaceae can be

440  stimulated by vermicomposting to accelerate theorsahof organic contaminants

441  from soils (Rodriguez-Campos et al., 2014). Flavisolibacter has been previously

442  reported as an indicator sensitive to carbamaze@ihelusmond et al., 2016) or
443  triclosan (Ma et al., 2017) in soils, but their étions remain unclear. Our work for

444 the first time hints its important roles in atrazipiodegradation.

445  Additionally, the intestinal flora of earthworms ynalso contain atrazine degraders,
446  which might be released to soils through excretionil consequently accelerate
447  atrazine mineralization (Li et al., 2015). The ulst separation of bacterial
448  community groups between bulk soil and sterile sedhitments (Figure 6) suggested
449  the excretion of earthworm intestinal flora, whete significantly different from soll

450 indigenous bacteria. From the species classifiodtiee and CCA diagram (Figure 5
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and 6), the dominant generaFldvobacterium, Pedobacter, Cupriavidus,
Chitinophaga and Pseudomonas) in vermicomposting treatments with sterile soils
were different with the treatments with bulk soilEhe five bacterial genera are
intestinal microorganisms in earthworm guts. In iadd, Flavobacterium and
Pedobacter had the higher relative abundance in SsEe treatmetereas
Cupriavidus, Chitinophaga and Pseudomonas were enriched in SsEa treatment. The
results indicated distinct intestinal microorganssrare excreted by epigeic and
endogeic earthworms. Different earthworm speciese hdistinct gut microbial
communities, which are affected post-exposure tmua types and concentrations of
organic pollutants (Tejada et al., 2016; Ma et 2017). Our findings are similar as
Bernard’s work that endogeic earthworms affect dxgait communities and organic
matter metabolism, strongly stimulating the growtiseveral bacterial families, such

as Flavobacteriaceae, Chitinophagaceae and Sphingobacteriaceae (Bernard et al.,

2012). Flavobacterium is reportedto metabolize atrazine,deisopropylatrazine and

deethylatrazine (la Cecilia and Maggi, 2016) andn che stimulated in
vermicomposting treatments for enhanced PCP biadedjon in red soils (Lin et al.,
2016b). Pedobacter is an antibiotic resistant bacteria (Woegerbauegrlgt 2015),
but there is no previous report showing its cajgbiin mineralizing organic
pollutants.Cupriavidus is detected in the earthworm gut and capable oélacating
PCP degradation, the relative abundance of whielmighed by earthworms (Li et al.,
2015). Zhu’s work (2017) shows th@hitinophaga is a cellulose degrader applied in
soil bioremediation via biochar-microbe interacioRseudomonas is recognized as a
model strain for completely mineralizing atrazinglekseeva et al., 2011), and
Monard et al. (2011) foundPseudomonas is one of the most dominant atrazine

degraders in earthworm burrow linings. Prior tostktudy, only intestinal flora of
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individual earthworm species is linked to atrazmetabolism, and our work for the
first time proves the distinct intestinal atrazidegraders in different earthworm

species during the same atrazine degradation oces

Burkholderia and Dyella were both identified as dominant bacterial generalli the
treatments, and their relative abundance in SnEEeSarkEa was higher than that in
CKn. They are possibly from both bulk soil and kaxirm gut, and can be enriched
in vermicomposting (Figure 5). Famtjal. (2015) reported some atrazine-degrading
bacterial genera in soils, includidgthrobacter, Burkholderia andMethylobacterium.
Burkholderia is also identified as PCP degrader and can beuktied by
vermicomposting (Li et al., 2015pyella is capable of mineralizing biphenyl and
PCP in soils (Li et al., 2009; Lin et al., 2016a)d vermicomposting can enhance its
activities during the bioremediation process (Ltnak, 2016a). Although this work
cannot link Burkholderia and Dyella to atrazine metabolism directly, our findings
strongly hint their functional roles in atrazinermgcomposting degradation, which

has not been reported previously.

5. Conclusion

In the present study, we analyzed atrazine resdwalil properties and microbial
community structure after 28 days vermicompostnegtiments. The results indicated
that bothendogeic A. robustus andepigeic E. foetida earthworms accelerated atrazine
mineralization from 39.0% to 94.9%-95.7% by inciegsthe abundance and
activities of indigenous atrazine-degrading baatand releasing the intestinal flora to
soils. Soil bacterial community structure was agmificantly altered by earthworms,
which could neutralize soil pH and consume humassequently increasing atrazine

availability in soils and accelerating atrazinedagradation. Some atrazine degraders
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(Rhodoplanes, Kaistobacter, Cupriavidus, Pseudomonas and Flavobacterium) were

promoted by two ecological earthworm species duatigzine degradation process.
For the first time, our work revealed different rhanisms of ecological earthworm
species in accelerating atrazine degradation. Thelinjs suggested that
vermicomposting is an effective approach to aceédesoil atrazine degradation and
has good potential in the bioremediation of atrazoontaminated soils. Further
studies are suggested to address the atrazine otietpathway and the speciation of
atrazine metabolites in vermicomposting treatmefus, better understanding the

mechanisms of enhanced atrazine degradation kgreiiff earthworm species.
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Highlights

1. Enhanced atrazine bioremediation by two ecological earthworm species.
2. Vermicomposting neutralizes soil pH and consumes organic matter.

3. Altered soil microbial communities in vermicomposting.

4. Different intestinal atrazine-degrading bacteria excreted by each earthworm

Species.



