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10 N
ow

adays, an increasing num
ber of synthetic chem

icals are used in a vast range of 

dependent on synthetic chem
icals. From

 the food w
e eat, m

edicines w
e take to the 

health care products w
e use, all have their fair share of synthetic chem

icals. A
ccording 

to U
nited N

ations, the w
orld hum

an population reached a num
ber of 7 billion people 

can be also attributed to the developm
ent and use of synthetic chem

icals. H
um

an 
population grow

th w
ill create an increased dem

and for food, energy, clean w
ater, health 

care and a lot m
ore. O

ne of m
any critical obstacles is food production, w

hich can only 

synthetic pesticides and fertilizers have revolutionized agriculture (A
ktar et al., 2009; 

B
ishopp and L

ynch, 2015). T
he use of synthetic pesticides have greatly reduced losses 

due to pests and diseases, therefore, w
ithout these chem

icals w
e w

ould not be able to 

last decades (FA
O

, 2012). To ensure and increase productivity, synthetic chem
icals, such 

as, disinfectants, parasiticides and antibiotics, are constantly used to treat diseases or as 

even in our daily activities are released into the environm
ent, w

here they could becom
e 

a threat to non-target organism
s, ecosystem

s, as w
ell as us, hum

an beings (K
um

m
erer, 

2009; Steen et al., 2001).

inputs of chem
icals such as pesticides, w

hich have been detected not only in fresh 
and m

arine w
aters but also in the sedim

ent associated to such ecosystem
s (B

attaglin et 
al., 2011; K

reuger et al., 1999; M
iles and P

feuffer, 1997; Steen et al., 2001). A
lthough 

synthetic chem
icals like pesticides can be degraded by biotic or abiotic processes in the 

environm
ent, m

any can persist for a long period. D
espite being banned in the 1970s, 

the 
pesticide 

D
D

T
 

(dichlorodiphenyltrichloroethane) 
and 

P
C

B
s 

(polychlorinated 

detected in sedim
ents in m

any different places around the w
orld (Z

anaroli et al., 2015). 

different trophic levels. For exam
ple, changes on the fungal com

m
unity com

position 
associated to leaf m

aterial, due to fungicide exposure, m
ay alter feeding behaviour 

of leaf-shredding organism
s (B

undschuh et al., 2011; D
im

itrov et al., 2014), w
hich 
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can im
pact im

portant ecosystem
 functions, such as leaf breakdow

n (organic m
atter 

degradation). M
oreover, pesticides have been found to alter m

icrobial com
m

unity 
com

position in freshw
ater sedim

ent (W
idenfalk et al., 2008).

ecosystem
 functions such as prim

ary production, nutrient cycling and decom
position. 

of 
higher 

organism
s 

(i.e. 
benthic 

invertebrates) 
by 

controlling 
carbon 

dynam
ics 

degradation and bioavailability of synthetic chem
icals. H

ow
ever, on the other hand, 

synthetic chem
icals m

ay affect m
icrobial com

m
unity com

position and function in 

environm
ents. M

ost studies have focused on the m
icrobial degradation of pesticides, 

for instance, rather than on the effects on m
icrobial com

m
unities (D

eL
orenzo et al., 

m
icrobes, especially effects on heterotrophic m

icrobes. Since m
icroorganism

s play a 
central role in m

any im
portant ecosystem

 processes, understanding pollutant-induced 

such ecosystem
s.

ecosystem
s (K

um
m

erer, 2009). A
ntibiotics are w

idely used in hum
an and veterinary 

m
edicine, as w

ell as in food anim
al production, and a vast range of antibiotic 

for m
ost bacteria to levels that exceed hum

an therapeutic blood plasm
a concentrations 

residues; and indirectly, by runoff and leaching of agriculture soils treated w
ith m

anure 
from

 livestock facilities (R
ico et al., 2014; Sarm

ah et al., 2006; Ternes et al., 2004; 

on m
icrobial com

m
unities has been dem

onstrated by various studies (E
bert et al., 

of m
icrobial com

m
unities associated to leaf litter. A

 change in functional endpoints 
could also indicate a shift in com

m
unity com

position, w
hich could alter leaf breakdow

n 
by higher organism

s. T
herefore, antibiotic pollution m

ay affect im
portant ecosystem

 
functions, especially functions that are m

ainly governed by bacteria, such as nitrogen 
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12 effects on higher organism
s. A

ntibiotics are also naturally produced by a vast range of 
m

icroorganism
s, how

ever, their role in nature is not yet fully understood (A
llen et al., 

2010). N
ot surprisingly, resistance to antibiotics is a process that is com

m
on in natural 

environm
ents and existed before the use of antibiotics by hum

ans (A
llen et al., 2010). 

T
herefore, antibiotic resistance is not a process created by the extensive and uncontrolled 

use of antibiotics in hum
an and veterinary m

edicine alone, but certainly enhanced by 
it. To this end, it is also interesting to note that expression of antibiotic resistance 
genes w

as observed in a range of natural m
icrobial ecosystem

s not directly affected by 
anthropogenic exposure to antibiotics, including hum

an and anim
al intestines, as w

ell 
as m

arine and terrestrial environm
ents (V

ersluis et al., 2015). A
ntibiotic resistance poses 

a real threat to hum
an and anim

al health w
orldw

ide. Increased selective pressure from
 

antibiotic pollution creates the ideal scenario for evolution and spread of resistance, 
w

hich can happen by m
utations and transfer of genetic elem

ents am
ong bacteria that 

carry resistance gene(s). Studies have reported high levels of antibiotic resistance in 

could prom
ote a direct transfer of antibiotic resistance bacteria from

 anim
als to hum

ans. 
T

herefore, studies assessing the risk of antibiotic pollution to m
icrobial com

m
unity 

al., 2015). 

understanding of how
 chem

icals m
ay affect sedim

ent biota, since chem
ical exposure in 

natural sedim
ents are highly com

plex and heterogeneous in tim
e and space, sedim

ent 

sedim
ents, how

ever, even w
hen poorly developed, m

icroorganism
s m

ay directly or 

2002). For exam
ple, invertebrate sedim

ent toxicity tests should ideally be perform
ed 

from
 such tests in a realistic test scenario. M

oreover, tests conducted in the absence 
of m

icrobial com
m

unities w
ould not be realistic, leading to less ecologically relevant 

outputs. T
herefore, studies evaluating the effects m

icroorganism
s m

ight have on the 
fate of chem

icals in the sedim
ent are necessary, since m

icrobes eventually m
ay affect 

the outcom
e of sedim

ent tests w
ith higher organism

s. 
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A
s previously stated, the understanding of pollutant-induced effects on m

icrobial 

ecosystem
. C

onventionally, toxicity effects of synthetic chem
icals on m

icroorganism
s 

are often evaluated in laboratory tests w
ith single species or by assessing m

icrobial 
com

m
unity level endpoints, such as the density of selected m

icrobial populations 
(K

ahru et al., 1996; Schafer et al., 2011). H
ow

ever, single species tests and com
m

unity 
level endpoint analyses m

ay fail to detect effects on m
icrobial com

m
unity com

position, 
w

hich could be associated w
ith changes in im

portant ecosystem
 functions (W

idenfalk 
et al., 2008). In addition, characterization of m

icrobial com
m

unity com
position in 

m
arginal fraction of culturable m

icroorganism
s (M

alik et al., 2008). C
ulture independent 

changes in natural m
icrobial com

m
unities (A

detutu et al., 2008; M
alik et al., 2008). 

ecological risk assessm
ent of synthetic chem

icals, by targeting nucleic acids, w
hich allow

 

the potential to prom
ote a deeper understanding of the effects synthetic chem

icals 

actual activity, leading to a deeper com
prehension of the interaction m

icroorganism
s 

m
ight have w

ith synthetic chem
ical. For exam

ple, Fang et al. (2014) used m
etagenom

ic 
analysis to assess the abundance and diversity of biodegradation genes as w

ell as potential 
degradation pathw

ays of persistent pesticides such as D
D

T
 in m

arine and freshw
ater 

ecosystem
s. B

y using m
etagenom

ics Fang et al. (2014) w
ere able to identify nearly 

com
plete biodegradation pathw

ays for tw
o persistent pesticides (D

D
T

 and atrazine). 

m
icrobial com

m
unities. 

m
icrobial com

m
unities, and how

 in turn m
icrobial com

m
unities m

ight affect the fate of 
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his thesis starts w

ith an assessm
ent of how

 m
uch incom

plete D
N

A
 extractions from

 
an environm

ental m
atrix, such as soil, m

ay affect m
icrobial com

m
unity characterization. 

In C
h

a
p

te
r 2, six different soils are used to determ

ine w
hether apparent com

position 
of m

icrobial com
m

unities, as w
ell as m

icrobial abundances, change due to successive 
D

N
A

 extractions perform
ed on the sam

e sam
ple. 

In C
h

a
p

te
r 3

, the effects of a w
idely used fungicide, tebuconazole, on non-target 

indirect effects at a higher trophic level, resulting from
 the effects on the m

icrobial 
com

m
unities, w

ere studied w
hen tebuconazole exposed leaf m

aterial w
as fed to 

w
as chosen based on a threshold derived from

 a “non-m
icrobial” species sensitivity 

distribution. 

C
h

a
p

te
r 4

the abundance of selected functional genes, w
hich are involved in im

portant ecosystem
 

functions m
ediated by m

icrobes, w
as determ

ined during the w
hole-sedim

ent test. 
Potential im

plications of bacterial com
m

unity developm
ent during sedim

ent toxicity 
tests are discussed and suggestions for test im

provem
ent are given. 

C
h

a
p

te
rs 

5
 
a
n

d
 
6

on the developm
ent of antibiotic resistance. In C

h
a
p

te
r 5

on the com
m

unity structure of m
acroinvertebrates, zooplankton, phytoplankton, 

periphyton and bacteria are m
onitored. Tw

o functional endpoints w
ere assessed as w

ell, 
i.e. organic m

atter decom
position and nitrogen cycling. C

h
a
p

te
r 6 describes the effect 

abundance of m
ultiple antibiotic resistance genes. 

In C
h

a
p

te
r 7

as future prospective for the use of m
olecular tools for the ecological risk assessm

ent 
of chem

icals. 
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20 C
urrently, characterization of soil m

icrobial com
m

unities relies heavily on the use of 
m

olecular approaches. Independently of the approach used, soil D
N

A
 extraction is a 

crucial step. Success of dow
nstream

 procedures used for m
icrobial characterization 

w
ill depend on how

 w
ell D

N
A

 extraction w
as perform

ed. O
ften, studies describing 

and com
paring soil m

icrobial com
m

unities are based on a single D
N

A
 extraction, 

w
hich m

ay not lead to a representative recovery of D
N

A
 from

 all organism
s present 

in the soil. To determ
ine w

hether successive D
N

A
 extractions, perform

ed on the sam
e 

soil sam
ple, w

ould lead to different observations in term
s of m

icrobial abundance, 
com

m
unity com

position, w
e perform

ed three successive extractions, w
ith tw

o w
idely 

used com
m

ercial kits, on six different soil sam
ples. Successive extractions increased 

considerably D
N

A
 yield, as w

ell as total bacterial and fungal abundances in m
ost of 

that m
icrobial com

m
unity com

position (taxonom
ic groups) observed in the successive 

D
N

A
 extractions w

ere sim
ilar. Successive D

N
A

 extractions revealed a few
 additional 

m
icrobial groups, w

hich w
ere not observed w

ith a single extraction. H
ow

ever, relative 
abundance of these additional groups w

as very low. N
evertheless, for som

e soil sam
ples 

shifts in m
icrobial com

m
unity com

position w
ere observed, m

ainly due to shifts in 
relative abundance of a num

ber of m
icrobial groups. 
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M
icroorganism

s are key to various biogeochem
ical processes that drive life on E

arth 
(Falkow

ski et al., 2008). Soil is one of the m
ost diverse biom

es found on E
arth and 

a large reservoir of m
icrobial diversity (B

ardgett and van der P
utten, 2014; G

ans et 
al., 2005; Torsvik et al., 1990; Torsvik et al., 2002). B

esides being essential drivers of 
biogeochem

ical processes, soil m
icroorganism

s also play an im
portant role in processes 

biorem
ediation (M

aphosa et al., 2012), global w
arm

ing m
itigation (B

ender et al., 2014), 
to just nam

e a few. H
ow

ever, understanding the m
echanism

s behind all these processes 
is not an easy task, since the vast m

ajority of m
icroorganism

s are still unculturable 
(H

aw
ksw

orth and R
ossm

an, 1997; Torsvik and Ø
vreås, 2002). T

he introduction 
of culture independent m

ethodologies has revolutionized the w
ay soil m

icrobial 
com

m
unities are studied. E

xtracting and characterizing D
N

A
 has becom

e trivial in 
m

ost soil m
icrobial ecology studies (D

elm
ont et al., 2012; N

avarrete et al., 2015; Pan 
et al., 2014; T

ahir et al., 2015). M
oreover, constant im

provem
ents and accessibility of 

m
icrobial com

m
unities in an unprecedented w

ay and at ecologically relevant scales and 
resolution of tim

e, space and environm
ental conditions. 

D
ue to its stability, D

N
A

 is often the nucleic acid of choice to be used to characterize 
m

icrobial com
m

unities in soils. O
nce extracted, D

N
A

 can be used in a range of 
experim

ents that m
ay provide insights w

ith respect to the abundance, diversity and 
functional potential of soil m

icrobial com
m

unities. T
herefore, successful characterization 

from
 such soil sam

ple. W
ith the introduction of culture independent m

ethodologies 
to study soil m

icrobial com
m

unities, a variety of soil D
N

A
 extraction protocols have 

D
N

A
 extraction kits are used. C

om
parison of different soil D

N
A

 extraction protocols, 
including com

m
ercial kits, has show

n that D
N

A
 yield and purity varies greatly depending 

on the protocol and soil type (B
urgm

ann et al., 2001; Inceoglu et al., 2010; K
nauth 

yield D
N

A
 that is representative of a portion of the m

icrobial com
m

unity present in 
the original soil sam

ple (D
elm

ont et al., 2011). Feinstein et al. (2009) analyzed D
N

A
 

indicated that not all m
icrobial D

N
A

 present in a soil sam
ple is extracted w

ith a single 
D

N
A

 extraction. W
hen soil D

N
A

, from
 successive D

N
A

 extractions perform
ed on 

a single sam
ple, w

as used to characterize m
icrobial com

m
unities, substantial shifts 
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22 in the bacterial com
m

unity w
ere observed. H

ere, to investigate further how
 bias of 

incom
plete soil D

N
A

 extraction m
ay affect m

icrobial characterization, w
e expanded 

D
N

A
 extraction kits w

ere used to extract D
N

A
 from

 a variety of soils. Successive D
N

A
 

extractions w
ere perform

ed on six different soils collected throughout the N
etherlands, 

and bacterial and fungal abundances, as w
ell as com

m
unity diversity and com

position 
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Soil sam
ples as w

ell as sam
pling procedure used in the present w

ork have been described 

pasture, pine and deciduous forest). M
oreover, soil sam

ples w
ere chosen and separated 

according to sand and clay content (T
able S1). A

fter sam
pling, soil sam

ples w
ere sieved 

and stored at -80 ºC
 until further processing. 

Soil D
N

A
 w

as extracted from
 each soil sam

ple using tw
o different com

m
ercial kits, 

w
hich are w

idely used for such purpose (K
uram

ae et al., 2012; M
artin-L

aurent et al., 

each soil sam
ple. T

he Pow
erSoil D

N
A

 isolation kit (M
oB

io L
aboratories, C

arlsbad, 
C

A
, U

SA
) and the FastD

N
A

 Spin kit for soil (M
P

 B
iom

edicals, Solon, O
H

, U
SA

) w
ere 

step of the Pow
erSoil D

N
A

 isolation kit (P
S) w

as done at 5.5 m
 s

-1 for 10 m
in, using 

the FastD
N

A
 Spin kit for soil (F

S) w
ere processed using a FastP

rep24 instrum
ent (M

P
 

B
iom

edicals). For both kits, an initial D
N

A
 extraction w

as follow
ed by a successive 

extraction, w
hich w

as then follow
ed by another extraction after sam

ples had been stored 
overnight at -20 ºC

 (F
igure S2). T

herefore, three D
N

A
 extractions w

ere perform
ed on 

three replicates of the six soil sam
ples, resulting in a total of nine D

N
A

 extracts per 

extraction (E
2), w

hile using P
S, solution from

 new
 Pow

erB
ead tubes, w

ithout beads, 

proceeded exactly in the sam
e w

ay as for E
1. A

fter the bead-beating step of E
2, tubes 

also used for F
S; w

hen initiating a new
 D

N
A

 extraction sodium
 phosphate buffer and 

M
T

 buffer w
ere added to the lysis m

atrix tubes containing beads and soil. V
olum

es 
of added buffers w

ere alw
ays in line w

ith m
anufacturer’s instructions. E

xtraction 
proceeded norm

ally afterw
ards. Supernatant recovery, throughout the w

hole D
N

A
 

extraction procedure, w
as done carefully in order to obtain a com

plete recovery and 
m

inim
ize carryover of D

N
A

 from
 one extraction to another. W

hen higher volum
es of 
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24 supernatant w
ere recovered, com

pared to m
anufacturer’s instructions, adjusted volum

es 
of solutions w

ere used in order to m
aintain the proper concentration of reagents. 

Technologies, C
arlsbad, C

A
, U

SA
) and a N

anoD
rop 1000 spectrophotom

eter (T
herm

o 

U
V

 light after staining w
ith ethidium

 brom
ide. T

ris-acetate-E
D

T
A

 (T
A

E
) buffer w

as 
used for gel preparation and electrophoresis. 

abundances in each soil sam
ple by targeting the 16S and 18S rR

N
A

 genes, respectively. 

w
ere analyzed in triplicate, and reactions w

ere carried out in a total volum
e of 10 µL

. 

0.4 µL
 of forw

ard and reverse prim
ers (10 µM

), 0.1 µL
 of B

SA
 (20 m

g/m
L

), 0.1 µL
 

µL
 of D

N
A

 (2.5 ng/µL
). P

rim
er com

binations and cycle conditions are described in 

checked by the observation of a single peak on the m
elting curve, w

hile correct size 

a standard curve com
prising serial 10-fold dilutions of the target gene w

as created. 
Standards w

ere obtained by am
plifying the target genes from

 the follow
ing sources: 

E
scherichia coli (16S rR

N
A

 gene) and A
spergillus niger (18S rR

N
A

 gene).

Term
inal restriction fragm

ent length polym
orphism

 (T
-R

F
L

P
) w

as used to determ
ine 

w
hether the fungal com

m
unity of a soil sam

ple w
as different am

ong the three successive 
D

N
A

 extractions perform
ed. Internal transcribed spacer (IT

S) regions w
ere used to 

target fugal com
m

unity by am
plifying IT

S1 region, 5.8S rR
N

A
 gene and IT

S2 region 

determ
ine the fungal com

m
unity by T

-R
F

L
P. T

herefore, only eighteen sam
ples per D

N
A

 
extraction kit w

ere analyzed. T
hree P

C
R

 reactions w
ere perform

ed for each sam
ple. 

reaction buffer w
ith 20 m

M
 of M

gC
l2  (R

oche A
pplied Sciences, Indianapolis, IN

, U
SA

), 
200 µM

 of dN
T

P
s, 1 µM

 of each prim
er, 1.25 U

 of Fast Start D
N

A
 polym

erase (R
oche 

A
pplied Sciences) and 5 µL

 of tem
plate D

N
A

 (5 ng/µL
). C

ycle conditions are given 

reverse prim
er w

as labelled w
ith N

E
D

 (A
pplied B

iosystem
s, Foster C

ity, C
A

, U
SA

). 
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agarose gel. P
C

R
 products w

ere digested w
ith 10 units of H

ha

A
ppropriate dilutions, based on test runs of term

inal restriction fragm
ents (T

R
F

s), 

B
iosystem

s) as a size standard.

P
rokaryotic and fungal com

m
unity com

position, as w
ell as diversity w

ere investigated by 

V
8 regions of the 18S rR

N
A

 gene. A
m

plicons w
ere generated by P

C
R

 reactions of 50 
µL

 (total volum
e) containing 5 µL

 of 10X
 P

C
R

 reaction buffer w
ith 20 m

M
 of M

gC
l2  

(R
oche A

pplied Sciences), 200 µM
 of dN

T
P

s, 1 µM
 of each prim

er, 1.25 U
 of Fast Start 

D
N

A
 polym

erase (R
oche A

pplied Sciences) and 5 µL
 of tem

plate D
N

A
 (5 ng/µL

). 

for T
-R

F
L

P, only a single replicate of each sam
ple w

as used (sam
e replicate as used for 

T
-R

F
L

P
). H

ence, only eighteen sam
ples per D

N
A

 extraction kit w
ere analysed. P

rim
er 

(M
acrogen Inc., Seoul, South K

orea). 
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D
ifferences in D

N
A

 yield, bacterial and fungal abundances, represented as percentage 

U
SA

). Sim
ilarly, a tw

o-w
ay A

N
O

V
A

 w
as used to analyze differences in total D

N
A

 yield 
as w

ell as bacterial and fungal abundances observed after all three successive extractions. 

analyzed using PeakScanner v1.0 softw
are (A

pplied B
iosystem

s), and T
R

F
s of less than 

50 bp and bigger than 800 bp w
ere excluded. T

he relative abundance of a single T
R

F
 

the peaks (C
ulm

an et al., 2008). A
n average of three replicates w

as calculated for each 
individual sam

ple. P
rincipal C

om
ponent A

nalysis (P
C

A
) w

as used in order to assess 
differences in fungal com

m
unity com

position betw
een successive D

N
A

 extractions of 
a single sam

ple, w
ithin a single D

N
A

 extraction kit. M
ultivariate statistical analysis w

as 
perform

ed using softw
are C

anoco 4.5 (B
iom

etris, W
ageningen, the N

etherlands).

2012), w
hich follow

s a standard operating procedure for 454 data in m
othur version 

w
hich is a m

othur im
plem

entation of the original P
yroN

oise algorithm
 (Q

uince et al., 
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to the sam
e region as m

ost of the reads. T
herefore, reads w

ere kept if containing at 

com
m

and and average neighbor clustering. For each O
T

U
 a consensus taxonom

y w
as 

w
ere re-aligned to the SILV

A
 reference alignm

ent, and a neighbor joining tree w
as 

and O
T

U
 clustering data w

ere com
bined into the B

IO
M

 form
at (M

cD
onald et al., 

low
est num

ber of reads) before clustering analysis, since recent w
ork has show

n that 
rarefying is unnecessary (M

cM
urdie and H

olm
es, 2014). Instead, O

T
U

 raw
 abundances 

w
ere transform

ed to relative abundances prior analysis, w
hich has been show

n to be 
an alternative to rarefying (M

cM
urdie and H

olm
es, 2014). P

rior to clustering analysis, 
sam

ple-w
ise singletons and doubletons w

ere discarded, w
here an O

T
U

 w
ould be kept 

only if observed in at least one sam
ple and contained at least three reads. 

low
est num

ber of reads and included singletons and doubletons. T
he low

est num
ber 

only reads belonging to the kingdom
 F

ungi w
ere kept for dow

nstream
 analyses. For all 

p <
 0.05.
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28 O
verall, D

N
A

 extraction w
ith both com

m
ercial kits yielded a substantial am

ount of 

using F
S than P

S. F
S yielded around four tim

es m
ore D

N
A

 from
 clay soils and around 

three tim
es m

ore D
N

A
 from

 sandy soils than P
S (average values of all replicates) 

(F
igure 1, T

able S2). For alm
ost all soil sam

ples, D
N

A
 extractions perform

ed w
ith 

both kits yielded the highest D
N

A
 concentration in E

1, except for clay soil 18 (P
S 

highest D
N

A
 yield after E

2 (T
able S2). D

N
A

 extraction of soil 12 (clay) w
as sim

ilar 

to previous extractions (F
igure 1A

, 1C
 and T

able S2A
). L

ess than half of the total 

still yielding substantial am
ounts of D

N
A

 (F
igure 1A

, 1C
 and T

able S2A
). Soil 19 (clay) 

show
ed distinct D

N
A

 extraction patterns w
hen com

paring both kits (F
igure 1A

 and 

(F
igure 1C

). A
m

ong clay soils, regardless of the kit used, soil 19 yielded the highest 
total D

N
A

 concentration follow
ed by soil 12 and soil 18. T

he sam
e trend w

as also 
observed for sandy soils, w

here soil 2, pasture soil as soil 19, yielded the highest total 

D
N

A
 extractions of soil 2 show

ed a sim
ilar pattern regardless the kit used, w

ith 55-

show
ed the highest D

N
A

 concentration in E
2, for both kits (F

igure 1B, 1D
 and T

able 

of D
N

A
 obtained, regardless of D

N
A

 extraction m
ethodology. Pasture soil yielded a 

considerably higher am
ount of total D

N
A

 com
pared to other m

anagem
ents, w

ith pine 

p <
 

p >
 0.05). N

either 

p >
 0.05). 
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D B

C

B
acterial and fungal abundances in soil 12 (clay) decreased w

ith successive extractions, 
for both D

N
A

 kits, w
here no substantial increase in cum

ulative abundance could be 

constant bacterial and fungal abundances in all three D
N

A
 extractions, w

hich resulted in 
a linear cum

ulative abundance increase w
ith successive extractions for both kits (F

igures 
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contrasting results w
hen com

paring D
N

A
 extraction kits. W

hen using P
S, bacterial and 

all bacterial and fungal D
N

A
 available had been already extracted in E

1 (F
igures 2A

 

recovered in E
1, respectively. H

ow
ever, w

hen using F
S, bacterial and fungal abundances 

indicating that substantial am
ounts of bacterial and fungal D

N
A

 w
ere still present in the 

soil sam
ple after E

1. A
s observed for total D

N
A

 yield, bacterial and fungal abundances 
in clay soils w

ere higher in sam
ples extracted w

ith F
S com

pared to P
S. T

he sam
e w

as 
not observed for sandy soils, w

here bacterial and fungal abundances w
ere alw

ays higher 
in soil sam

ples that had D
N

A
 extracted w

ith P
S. Irrespective of the kit used, bacterial 

and fungal abundances in soil 2 (sandy) sam
ples w

ere highest in E
1 (F

igures 2B, 2D
, 

very distinct pattern w
as observed for bacterial and fungal abundances in soil 4 (sandy), 

w
hen com

paring D
N

A
 extraction kits. Sam

ples extracted w
ith P

S had a recovery of 

to those extracted w
ith F

S, even w
ith D

N
A

 yield being higher in sam
ples extracted w

ith 

for both kits (F
igure 2B

 and 2D
). T

he sam
e w

as observed for total fungal abundance. 
Total bacterial and fungal abundances w

ere slightly higher in sam
ples extracted w

ith P
S, 

how
ever, sam

ples extracted w
ith either kit presented higher fungal abundance in E

2 and 

been extracted w
ith F

S, did not result in higher bacterial and fungal abundances. Such 
contrasting result w

as particular of sandy soils, since clay soils w
ith higher D

N
A

 yield 
presented higher bacterial and fungal abundances. D

ifferent D
N

A
 extractions kits did 

p >
 0.05). 

p <
 0.05).   

T
he use of different com

m
ercial kits for D

N
A

 extraction did neither affect bacterial 

extractions (p
abundance (p <

 0.05) and fungal abundance (p
extraction.
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BD
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F
ungal com

m
unity com

position w
as initially m

easured by T
-R

F
L

P
 analysis, and P

C
A

 
analysis w

as used to assess differences am
ong different extractions of a single sam

ple, 
w

ithin a single D
N

A
 extraction kit and soil type. Since forw

ard and reverse prim
ers w

ere 
labelled, both w

ere analyzed to investigate w
hether results w

ere consistent independently 
of prim

er use. A
nalyses of both prim

ers show
ed sim

ilar results for both D
N

A
 

clay soils show
ed to be distinct am

ong different land m
anagem

ent types, regardless of 
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different fungal com
m

unities in all clay soils. W
ith the use of P

S, soils 12 and 18 show
ed 

clearly different fungal com
m

unities w
hen com

paring the three extractions, w
hereas 

for soil 19 fungal com
m

unity com
position present in E

1 w
as different from

 E
2 and 

different from
 P

S. Soil 12 presented a different fungal com
m

unity in each successive 
D

N
A

 extraction. H
ow

ever, soil 18 show
ed a sim

ilar fungal com
m

unity present in E
1 

observed for clay soils, fungal com
m

unities observed in sandy soils w
ere also distinct 

am
ong different land m

anagem
ent, independently of the D

N
A

 extraction kit used 
(F

igure S4). H
ow

ever, differently from
 clay soils, successive D

N
A

 extractions of sandy 
soils yielded sim

ilar fungal com
m

unities, especially w
hen using P

S (F
igure S4A

 and 
S4B

). Total D
N

A
 extraction w

ith P
S revealed a very different fungal com

m
unity w

hen 
com

paring different sandy soils, but not w
ithin soils. Successive D

N
A

 extraction w
ith 

F
S revealed a different fungal com

m
unity only for soils 2 and 4, w

ith soil 2 show
ing 

com
m

unity in all three extractions (F
igure S4C

 and S4D
). 

To investigate further w
hether successive D

N
A

 extractions of the sam
e soil sam

ple 

extractions obtained from
 each soil. C

hao1 index w
as used to m

easure species richness, 
w

hereas com
m

unity diversity w
as m

easured by Shannon index. O
verall, apparent 

12 and 19 (P
S) being the only tw

o sam
ples that show

ed a decrease in species richness 
w

ith successive extractions. P
rokaryotic com

m
unity diversity decreased w

ith successive 
D

N
A

 extractions (F
igure 4A

), regardless of the D
N

A
 extraction kit used. H

ow
ever, 

extraction. F
ungal species richness varied considerably across clay soils and D

N
A

 
extraction kit (F

igure 5A
). From

 all sam
ples extracted w

ith F
S, soil 18 w

as the only 
sam

ple that did not have its highest species richness value in E
1. T

he sam
e trend w

as 
observed for sam

ples extracted w
ith P

S, w
here the highest species richness value w

as 
observed in E

1. F
ungal com

m
unity diversity either increased or rem

ained the sam
e 

w
ith successive extractions (F

igure 5A
), regardless of the extraction kit used. Soil 12 

(F
S) w

as the only sam
ple, w

ithin clay soils, that presented a decrease in fungal diversity 
w

ith successive D
N

A
 extractions (F

igure 5A
). O

verall, prokaryotic species richness in 
sandy soils decreased w

ith successive extractions, w
ith soil 2 (P

S and F
S) being the only 

sandy soil w
here species richness w

as highest not in E
1 (F

igure 4B
). Sim

ilar to clay 
soils, prokaryotic diversity in sandy soils decreased w

ith successive extractions (F
igure 
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E
2. T

he highest fungal species richness value in m
ost of the sandy soil sam

ples w
as 

had their highest species richness value in E
1. F

ungal diversity in sandy soils w
as sim

ilar 
to clay soils, w

here diversity increased w
ith successive D

N
A

 extractions (F
igure 5B

). 
T

he only exception w
as soil 2 (F

S), w
hich show

ed a decrease in diversity w
ith successive 

extractions (F
igure 5B

).

AB
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M
ultidim

ensional scaling analysis (M
D

S), using w
eighted U

nifrac distances (H
am

ady 
et al., 2010), w

as used to com
pare prokaryotic and fungal com

m
unity com

position in 
successive D

N
A

 extractions in both soil types. P
rokaryotic com

m
unity com

position in 
clay soils show

ed to be sim
ilar in all three successive D

N
A

 extractions, regardless of 
the extraction kit used (F

igure 6A
). Soil 12 (P

S) w
as the soil sam

ple that presented the 
m

ost different prokaryotic com
m

unity am
ong successive D

N
A

 extractions, w
ith E

1 

sim
ilar prokaryotic com

m
unity com

position, som
e taxa w

ere clearly enriched w
hen 
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m
ultiple extractions w

ere perform
ed in a single sam

ple. For instance, a clear increase 
in relative abundance of the taxa T

haum
archaeota and F

irm
icutes could be seen w

ith 

prokaryotic com
m

unities, fungal com
m

unities in clay soils w
ere different in successive 

D
N

A
 extractions (F

igure 8A
). A

s observed for bacterial and archaeal com
m

unities, 
soil 12 show

ed the biggest variation in fungal com
m

unity w
hen com

paring successive 
extractions. Successive extractions prom

oted the enrichm
ent of a few

 fungal taxa 
in som

e of the clay soils (F
igure 9A

), how
ever, such enrichm

ent show
ed to be kit 

dependent in m
ost of the cases. Sandy soils, as clay soils, presented a sim

ilar prokaryotic 

biggest difference in prokaryotic com
m

unity com
position w

hen com
paring successive 

extractions. A
s observed for clay soils, som

e taxa w
ere enriched w

hen m
ultiple 

extractions w
ere perform

ed in a single soil sam
ple. F

irm
icutes and P

lanctom
ycetes 

increased in relative abundance w
ith successive D

N
A

 extractions in all sandy soils 

sam
ples, som

e taxa show
ed a considerable increase w

ith successive D
N

A
 extraction, 

com
position in successive D

N
A

 extractions on sandy soils w
as rather sim

ilar, contrary 
to clay soils (F

igure 8B
). Increase in relative abundance of fungal taxa w

ith successive 
extraction in sandy soils w

as also observed, w
ith taxa A

scom
ycota presenting an 

increase in all sandy soil sam
ples, regardless the D

N
A

 extraction kit used (F
igure 9B

). 

extractions. H
ow

ever, the relative abundances of such taxa w
ere alw

ays very low
 (low

er 

taxa w
as not observed for all soil sam

ples (T
able 2). A

nalysis of sim
ilarity (A

N
O

SIM
) 

w
as used to com

pare m
icrobial com

m
unities in both soils, w

hich had been obtained by 
different D

N
A

 extraction strategies. P
rokaryotic com

m
unity com

position, in both soils, 
p >

 0.05). F
ungal com

m
unity com

position, 

(A
N

O
SIM

, p <
 0.05, R

 =
 0.210). 
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42 C
urrently, characterization of com

plex m
icrobial com

m
unities such as those present in 

soil relies heavily on the use of m
olecular approaches. Such approaches are often used 

to assess m
icrobial abundance, com

m
unity com

position and diversity. Independently 
of the approach used, D

N
A

 contained in a soil sam
ple needs to be separated from

 the 

of dow
nstream

 processes used to characterize soil m
icrobial com

m
unities w

ill depend 

all m
icrobial D

N
A

 contained in a soil sam
ple is extracted w

ith a single D
N

A
 extraction 

(B
urgm

ann et al., 2001; Feinstein et al., 2009; Jones et al., 2011). H
ere, w

e perform
ed 

m
ultiple successive D

N
A

 extractions on a num
ber of representative soil sam

ples to 
assess bias related to incom

plete D
N

A
 extractions, using tw

o w
idely used com

m
ercial 

determ
ine w

hether successive D
N

A
 extractions w

ould lead to different apparent 
m

icrobial com
m

unities. 

D
N

A
 yield of all used soils w

as affected by successive D
N

A
 extractions. Soil 19 (P

S) 

(Feinstein et al., 2009; Jones et al., 2011). P
revious w

ork has show
n that D

N
A

 yield 

w
as w

ashed w
ith extraction buffer; w

hich indicates that D
N

A
 obtained in the successive 

extractions w
ould probably com

e from
 new

ly lysed cells (Feinstein et al., 2009). O
verall, 

clay soils and three tim
es for sandy soils. T

his is in line w
ith previous studies that have 

(L
eite et al., 2014; V

ishnivetskaya et al., 2014). C
onsidering that the initial cell lysis step, 

w
hen using P

S, is m
uch m

ore extensive com
pared to F

S (5.5 m
 s

-1 for 10 m
in for P

S 
and 6.0 m

 s
-1

D
N

A
 adsorption to soil particles m

ay be increased by D
N

A
 sharing (P

ietram
ellara et 

al., 2001), how
ever, D

N
A

 fragm
entation of both kits w

as very sim
ilar (data not show

n). 
T

herefore, reasons for a higher D
N

A
 yield w

hen using F
S m

ay be that this kit prom
otes 

not only a better soil hom
ogenization, im

proving disruption of soil aggregates, but also 
a better cell lysis and D

N
A

 desorption from
 soil com

ponents. F
urtherm

ore, F
S m

ay 
have a decreased D

N
A

 degradation com
pared to P

S, once D
N

A
 is released from

 cells. 
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Perhaps, a very extensive cell lysis step, as used for P
S, is counterproductive, as it w

ould 
allow

 for adsorption of D
N

A
 to soil particles for a longer period. V

ishnivetskaya et al. 

bead-beating is used for m
echanical cell lysis (B

urgm
ann et al., 2001). H

ow
ever, D

N
A

 

taking into account, w
hich show

s that independently of the kit and bead-beating tim
e, 

m
ore soil D

N
A

 w
as consistently obtained w

ith successive extractions. 

Sim
ilarly to the D

N
A

 yield, cum
ulative bacterial and fungal abundances increased w

ith 

sam
ple is not fully recovered w

ith a single extraction. Sim
ilar results have been reported 

earlier, w
here for m

ost of the soils analyzed bacterial and fungal abundances levelled 
off after three successive extractions (Feinstein et al., 2009). Jones et al. (2011) also 
found that bacterial abundance increased considerably w

hen m
ultiple D

N
A

 extractions 
w

ere perform
ed on the sam

e soil sam
ple. In the present study, how

ever, there w
as 

a considerable discrepancy betw
een results of D

N
A

 yield and observed abundances 

extracted w
ith F

S, how
ever, differences w

ere m
uch sm

aller than those observed for 
D

N
A

 yield, especially for soil 18. T
hat m

ay indicate that using F
S m

ore D
N

A
 of non-

in a perm
afrost soil show

ed to be around four tim
es higher in sam

ples extracted w
ith 

F
S com

pared to P
S (V

ishnivetskaya et al., 2014). T
he opposite w

as observed for sandy 
soil, w

here bacterial and fungal abundances w
ere alw

ays higher on sam
ples extracted 

w
ith P

S, despite D
N

A
 yield being higher in sam

ples extracted w
ith F

S. L
ow

er m
icrobial 

abundances in sam
ples extracted w

ith F
S m

ay be attributed to a low
er D

N
A

 purity 
obtained w

hen using this kit, w
hich could inhibit enzym

atic reactions (W
ilson, 1997). 

in sandy soil sam
ples that w

ere extracted w
ith F

S (data not show
n). D

ifferently from
 

w
hat w

as reported by K
uram

ae et al. (2012), pasture and arable soil sam
ples presented 

higher m
icrobial abundance com

pared to forest soils. 

analysis, varied greatly in clay soils, w
hereas in sandy soils, fungal com

m
unities w

ere 
m

ore sim
ilar to each other, especially for sam

ples extracted w
ith P

S. D
ifferences 

observed betw
een soil types indicate that clay soils m

ight prom
ote a greater degree 
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44 successive D
N

A
 extractions of three different soil types (organic, clay and sand) w

ere 
alm

ost identical (Feinstein et al., 2009). Soils used by Feinstein et al. (2009) had a sim
ilar 

sand and clay content to those used here, therefore, other soil properties m
ay play a role. 

F
urtherm

ore, soils analyzed here m
ay have a higher abundance of fungal spores, w

hich 
could explain the differences observed am

ong successive D
N

A
 extractions.

E
cological diversity m

easures, such as C
hao1 and Shannon, w

ere used in order to 
determ

ine w
hether apparent prokaryotic and fungal richness and diversity w

ould 
change in successive D

N
A

 extractions. C
hao1 is often used to indicate species richness 

(total num
ber of species in a com

m
unity), and it relies on the presence of singletons 

T
he Shannon index on the other hand takes into consideration not only the num

ber 
of species in a com

m
unity but also their relative abundance, but also giving m

ore 

extraction kit, increase of prokaryotic and/or fungal species richness w
ith successive 

D
N

A
 extraction w

as observed. Such observation suggests that m
ore taxa/O

T
U

s are 
obtained w

hen successive D
N

A
 extractions are perform

ed, therefore, presenting a 
m

ore realist picture of the m
icrobial com

m
unity in those sam

ples. T
hose taxa/O

T
U

s 
possibly represent also rare organism

s, w
hich can be present in low

 abundance in the 
soil for various reasons, such as dorm

ancy. It is know
n that dorm

ancy is a com
m

on 
life history strategy in m

icrobes (Jones and L
ennon, 2010), and it m

ight as w
ell be 

that m
etabolic changes caused by such strategy lead to changes in cell structure and 

m
orphology that m

ake cells harder to lyse. Increase in diversity w
ith successive D

N
A

 
extractions w

as also observed, especially in fungal com
m

unities. Increase in Shannon 
index (diversity) indicated that w

ith successive extractions, not only new
 taxa/O

T
U

s 
w

ere being observed, but also that taxa/O
T

U
s observed in these successive extractions 

appeared at m
ore sim

ilar relative abundances. T
herefore, both diversity indexes used 

suggest that extracting soil D
N

A
 only once w

ould not prom
ote a realist description of 

species richness and diversity.   

To determ
ine w

hether successive D
N

A
 extractions w

ould yield different prokaryotic 
and fungal com

m
unities in clay and sandy soils, cluster analyses of the 16S and 18S 

differences that w
ere observed am

ong successive D
N

A
 extractions, of the sam

e soil 
sam

ple, w
ere in m

ajority shifts in abundance, as observed before (Feinstein et al., 2009; 
Jones et al., 2011). V

arious phyla increased in relative abundance w
ith successive D

N
A

 
extractions, such as T

haum
archaeota and F

irm
icutes in all clay soils and F

irm
icutes 

and P
lanctom

ycetes in all sandy soils. Such increase in relative abundance m
ay indicate 
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Feinstein et al. (2009) found that F
irm

icutes, gram
-positive bacteria that are w

ell 
know

n for having the ability to form
 spores, did not increase in relative abundance 

w
ith successive D

N
A

 extractions in clay and sandy soils. It is im
portant to m

ention 

from
 prokaryotic com

m
unity, cluster analyses of the 18S rR

N
A

 gene data retrieved 
from

 successive D
N

A
 extractions revealed that com

m
unities obtained in E

1 w
ere 

w
here fungal com

m
unities analyzed by T

-R
F

L
P

 from
 six successive D

N
A

 extractions 
w

ere very sim
ilar to each other (Feinstein et al., 2009). A

 low
 num

ber of fungal taxa 

prokaryotic com
m

unities, m
ajor shifts in com

m
unity com

position w
ere due to changes 

in relative abundance of fungal taxa. T
he use of both m

arkers, 18S rR
N

A
 gene and 

IT
S regions, show

ed sim
ilar results, how

ever, the dissim
ilarity of fungal com

m
unities 

analyzed by T
-R

F
L

P
 w

as higher for a few
 soil sam

ples. A
 possible reason for that is the 

higher variability of the IT
S regions com

pared to the 18S rR
N

A
 gene, w

hich allow
 for 

a better taxonom
ic differentiation (A

nderson and C
airney, 2004). 

Successive rounds of D
N

A
 extraction from

 a several representative soil sam
ples, using 

additional phyla w
ere alw

ays present at very low
 relative abundance. N

evertheless, shifts 
in relative abundance of w

ell-know
n groups of soil archaea, bacteria and fungi w

ere 
observed. In som

e cases, changes in relative abundance w
ere such that com

m
unities 

originating from
 the sam

e soil sam
ple, but from

 a different extraction, w
ere seen as 

different com
m

unities, as indicated by M
D

S plots. Total bacterial and fungal abundance 

D
N

A
 is extracted in a single extraction. O

ften, in m
icrobiom

e studies, m
ultiple parallel 

extractions of a sam
ple are perform

ed, and D
N

A
 originating from

 all extractions is 
pooled for further experim

ents. Such strategy attem
pts to reduce variability betw

een 
extractions in order to provide a m

ore realistic representation of the m
icrobiom

e of 
that particular sam

ple. H
ow

ever, such strategy w
ould still fail to provide an accurate 

estim
ation of the relative abundance of m

icrobial groups present in that particular 
m

icrobiom
e. T

herefore, as Feinstein et al. (2009), w
e argue that to im

prove m
icrobial 

characterization, 
leading 

to 
a 

m
ore 

com
prehensive 

analysis, 
m

ultiple 
successive 

extractions of the sam
e soil sam

ple should be done. D
N

A
 obtained in m

ultiple 
extractions should be pooled prior use in further experim

ents, as indicated by Feinstein 
et al. (2009). 
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Table S1. Soil physical and chemical charactherists of the samples used in the present work. 

Field Land use
Latitude Longitude

pH
Total N Total C C:N OM Total P Clay Silt Sand CaCO3 Cd Cr Cu Ni Pb Zn As Hg

(N) (E) (%) (%) ratio (%)
(mg P2O5

100g-1)
(%) (%) (%) (%)

(mg 

kg-1)

(mg 

kg-1)

(mg 

kg-1)

(mg 

kg-1)

(mg 

kg-1)

(mg 

kg-1)

(mg 

kg-1)

(mg 

kg-1)

sandy soils

2 Pasture 52º14" 06º41" 6.1 0.25 2.3 9.2 4 197 1.1 6.8 91.9 0 0.17 6.9 13 0 9.7 28 2.2 0

4 Pine forest 52º08" 05º11" 3.7 0.17 3.8 22.3 6.4 17 0.3 4.3 95.4 0 0.1 0 0 0 15 0 1.8 0.04

23
Deciduous 

forest 51º32" 05º18" 3.7 0.28 5 17.8 9 49 4.3 9.8 85.9 0 0.13 8.2 0 3.8 23 12 5 0.09

clay soils

12
Organic arable 

field 52º01" 06º12" 6.5 0.13 1.4 11.0 2.7 296 13.4 29.4 57.4 0.1 0.21 19 15 8.4 21 71 10 0.09

18
Conventional 

arable field 53º12" 05º31" 7.4 0.13 1.2 9.3 1.6 106 16.1 37.9 46 2.4 0.12 29 21 14 14 41 11 0.03

19 Pasture 51º53" 06º17" 6 0.55 4.8 8.7 9.4 310 36.7 51.1 12.1 0.2 0.49 52 27 33 32 130 14 0.08
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PS FS

Taxa
E1

Soil12

E2 

Soil12

E3 

Soil12

E1 

Soil18

E2 

Soil18

E3 

Soil18

E1 

Soil19

E2 

Soil19

E3 

Soil19

E1 

Soil12

E2 

Soil12

E3 

Soil12

E1 

Soil18

E2 

Soil18

E3 

Soil18

E1 

Soil19

E2 

Soil19

E3 

Soil19

Bacteria; Proteobacteria 28.93 17.92 24.58 22.19 18.06 16.75 17.39 18.70 17.66 24.78 24.04 21.85 16.59 9.46 14.67 11.22 10.05 10.49

Bacteria; Actinobacteria 14.09 10.53 19.40 12.74 11.22 13.38 27.17 19.27 20.16 14.62 13.97 15.16 12.48 9.27 15.09 15.58 10.18 10.45

Bacteria; Acidobacteria 12.06 14.88 13.42 17.11 18.96 15.97 10.30 15.01 10.79 14.34 11.69 8.76 21.28 24.24 16.00 11.41 10.14 5.85

Bacteria; Verrucomicrobia 2.59 4.43 3.43 4.50 3.18 2.56 18.91 20.62 26.22 2.95 3.59 3.57 3.35 6.38 4.02 32.72 45.74 50.25

Bacteria; Firmicutes 4.78 5.01 5.80 1.71 2.13 3.02 0.21 0.90 2.36 7.32 14.87 22.29 4.06 3.40 9.81 2.33 2.80 7.47

Bacteria; Chloroflexi 4.80 8.76 8.99 7.60 8.78 11.62 8.41 6.61 6.57 4.98 5.46 4.77 9.72 17.82 10.72 6.72 6.04 3.17

Bacteria; Planctomycetes 4.04 7.03 9.90 8.14 6.34 7.48 6.03 5.64 6.11 3.99 4.34 5.19 6.31 8.80 6.51 5.15 4.50 2.13

Archaea; Thaumarchaeota 3.16 16.32 2.37 6.87 13.12 15.28 0.18 0.76 1.88 4.16 6.32 4.17 7.16 5.72 10.22 3.85 2.93 4.83

Bacteria; Nitrospirae 1.58 1.92 2.11 2.08 2.58 2.19 2.56 5.99 3.40 2.40 1.70 1.01 2.99 5.88 2.14 3.92 3.36 1.08

Bacteria; Gemmatimonadetes 5.39 1.92 2.87 4.52 3.41 2.11 1.61 1.27 0.84 3.46 1.95 1.52 3.43 1.79 1.04 0.96 0.44 0.44

PS FS

Taxa
E1 

Soil2

E2 

Soil2

E3 

Soil2

E1 

Soil4

E2 

Soil4

E3 

Soil4

E1 

Soil23

E2 

Soil23

E3 

Soil23

E1 

Soil2

E2 

Soil2

E3 

Soil2

E1 

Soil4

E2 

Soil4

E3 

Soil4

E1 

Soil23

E2 

Soil23

E3 

Soil23

Bacteria; Proteobacteria 25.16 23.19 15.59 27.16 27.76 31.86 27.32 32.87 36.81 17.22 13.37 13.02 24.10 22.29 21.73 30.91 26.69 28.43

Bacteria; Actinobacteria 23.69 18.21 13.35 23.40 17.51 26.17 7.07 12.33 13.72 19.41 15.89 18.99 24.06 27.51 33.33 12.52 14.63 22.08

Bacteria; Acidobacteria 6.67 8.62 5.82 32.28 32.16 21.93 41.28 31.30 22.62 9.08 10.26 8.84 22.76 20.45 15.15 24.94 15.59 8.87

Bacteria; Verrucomicrobia 6.42 4.14 4.57 1.46 1.85 0.75 3.64 2.61 3.52 9.16 15.93 11.10 2.85 1.48 0.88 5.47 4.38 1.52

Bacteria; Firmicutes 15.24 28.27 44.33 0.15 0.45 0.56 0.11 0.34 0.82 14.41 17.79 20.24 0.19 0.40 1.07 0.59 0.89 1.80

Bacteria; Chloroflexi 4.60 3.20 2.87 1.73 2.99 3.05 1.83 2.31 5.28 8.14 9.20 10.70 4.31 4.63 5.68 5.00 10.26 11.56

Bacteria; Planctomycetes 3.36 2.75 3.08 2.56 6.66 4.83 2.06 2.82 5.79 4.80 5.71 8.19 7.36 7.33 8.41 3.95 8.85 9.60

Archaea; Thaumarchaeota 1.86 1.32 1.98 0.38 0.55 0.59 4.54 2.62 1.35 5.92 3.91 3.72 1.43 1.37 0.97 7.06 4.10 2.61

Bacteria; Nitrospirae 0.58 0.72 0.26 0.15 0.18 0.06 0.11 0.14 0.10 0.33 0.18 0.26 0.19 0.02 0.05 0.26 0.45 0.02

Bacteria; Gemmatimonadetes 2.09 1.73 0.93 0.24 0.24 0.29 0.18 0.12 0.10 1.36 0.87 0.97 0.15 0.11 0.12 0.24 0.16 0.08

A
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64 1107/2009/E
C

 does not currently assess risk to non-target bacteria and fungi. R
ather, 

regulatory acceptable concentrations based on ecotoxicological data obtained from
 

assum
ption by investigating the effects of a fungicide (tebuconazole) applied at its 

prim
ary producers (including algae) on the com

m
unity structure and functioning of 

µg/L
) on either fungal biom

ass associated w
ith leaf m

aterial or leaf decom
position or 

the com
position and biom

ass of the fungal com
m

unity associated w
ith sedim

ent could 
not be dem

onstrated. M
oreover, treatm

ent-related effects on bacterial com
m

unities 
associated w

ith sedim
ent and leaf m

aterial w
ere not detected. H

ow
ever, tebuconazole 

com
position associated w

ith leaf m
aterial. A

n effect on a higher trophic level w
as 

observed w
hen G

am
m

arus pulex w
ere fed tebuconazole-exposed leaves, w

hich caused 

fungi and fungally-m
ediated processes even w

hen applied at its “non-m
icrobial” H

C
5 

concentration.
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M
icroorganism

s play a crucial role in the functioning of all ecosystem
s by providing 

food for other organism
s, decom

posing organic m
aterial, cycling and transform

ing 
nutrients and degrading contam

inants (B
arlocher, 1985; D

uarte et al., 2010; Singh and 
W

alker, 2006; V
eraart et al., 2014). H

eterotrophic m
icrobes (e.g., bacteria and fungi) are 

in the decom
position of organic m

aterial has been particularly w
ell studied, especially 

particulate organic m
aterial and sedim

ents, fungi dom
inate on larger particulate organic 

fungal group associated w
ith leaf litter, decom

pose plant m
aterial and im

prove its 

A
ntagonism

 betw
een fungi and bacteria decom

posing leaf litter has been dem
onstrated, 

either the ability to tolerate, or to com
pete w

ith, bacteria suggesting that this antagonism
 

is driven by com
petition (M

ille-L
indblom

 et al., 2006). Synergistic interaction betw
een 

bacteria and fungi decom
posing leaf litter has also been dem

onstrated (B
engtsson, 1992). 

B
oth bacteria and fungi are im

portant in the decom
position of leaf litter (Schneider et 

diversity of bacteria associated w
ith leaf m

aterial (D
uarte et al., 2010). 

M
any 

freshw
ater 

food 
w

ebs 
are 

fuelled 
by 

allochthonous 
organic 

m
atter, 

and 
heterotrophic m

icrobes are essential for converting the energy locked in detrital m
aterial 

into anim
al biom

ass (B
ärlocher, 2005; G

essner et al., 2007; W
ebster and M

eyer, 1997). 

have investigated the effect of m
etal pollution and eutrophication on the diversity and 

functioning of freshw
ater m

icrobial com
m

unities (B
erm

ingham
 et al., 1996a; D

eanross 
and M

ills, 1989; L
ecerf and C

hauvet, 2008; Sridhar et al., 2001; Suberkropp et al., 2010). 
H

ow
ever, relatively little is know

n about their response to fungicide exposure (M
altby, 

1992b; M
altby et al., 2009; M

cM
ahon et al., 2012; van den B

rink et al., 2007), although 
effects of fungicides on bacterial com

m
unity structure and functioning in soils and 

sedim
ents have been reported (B

ending et al., 2007; M
ilenkovski et al., 2010; W

idenfalk 
et al., 2008). F

urtherm
ore, effects of the fungicide tebuconazole on the conditioning of 

leaf litter have been dem
onstrated (B

undschuh et al., 2011; Z
ubrod et al., 2011).

F
ungicides are w

idely used in m
odern agriculture (B

attaglin et al., 2011; W
ightw

ick et 
al., 2010) and are regulated in E

urope under R
egulation 1107/2009/E

C
 (C

om
m

ission, 
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 standard toxicity tests in order to protect non-tested 

species, including m
icrobes. H

ow
ever, the extent to w

hich these assessm
ent factors 

account for the uncertainties associated w
ith extrapolating from

 standard single-species 
laboratory toxicity data to m

icrobial com
m

unities in natural environm
ents is unknow

n. 

in toxicant sensitivity by constructing species sensitivity distributions (SSD
s) (Posthum

a 
et al., 2002). 

M
altby et al. (2009) constructed SSD

s based on acute single-species toxicity data for 

investigated w
ere general biocides, and data from

 all taxonom
ic groups w

ere used 
to derive SSD

s and assess risk. For 12 of the fungicides, it w
as possible to com

pare 

and H
C

1 values w
ere protective of adverse ecological effects. A

 lim
itation of this 

fungi and only one m
icrobial-relevant endpoint (i.e. leaf decom

position) w
as m

easured 

D
ijksterhuis et al. (2011), B

undschuh et al. (2011) and Z
ubrod et al. (2011) reported 

bacteria at tebuconazole concentrations low
er than the H

C
5 value derived from

 a SSD
 

(M
altby et al., 2009). For practical reasons w

e refer to these SSD
s as “non-m

icrobial” 
SSD

s, although available toxicity data for planktonic algae w
ere used in the SSD

s 
constructed by M

altby et al. (2009). T
his raises the possibility that threshold values 

derived from
 “non-m

icrobial” SSD
s m

ay not be fully protective of natural m
icrobial 

com
m

unities. L
ess direct, but supporting evidence, is also provided by the observation 

of reduced m
icrobially-m

ediated leaf decom
position at propiconazole concentrations 

low
er than the H

C
5 value derived from

 an SSD
 (R

asm
ussen et al., 2012). P

ropiconazole 
has a sim

ilar toxic m
ode-of-action than tebuconazole.

H
ere w

e exam
ine further the validity of using non-m

icrobial acute toxicity data to 
assess the ecological risk of fungicides by investigating the effects of a fungicide applied 
at its “non-m

icrobial” H
C

5 value on m
icrobial com

m
unity structure and functioning 

inhibitor, w
hich is w

idely used and has been regularly detected in surface w
ater (K

ahle 

m
icrobes to tebuconazole exposure as described in B

undschuh et al. (2011), Z
ubrod 
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potential effects on m
icrobial com

m
unities not only on leaf m

aterial but also in the 

m
ore com

prehensive characterization and a deeper understanding of pollutant-induced 
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68 E
ight m

icrocosm
s, each consisting of polycarbonate, cylindrical enclosures (diam

eter: 
1.05 m

; surface area 0.865 m
2; height: 0.9 m

) w
ere established in an experim

ental 
ditch located at the Sinderhoeve E

xperim
ental Station, R

enkum
, the N

etherlands 

E
xperim

ental ditches at the Sinderhoeve E
xperim

ental Station w
ere constructed in 

the late 1980s and the sedim
ent used w

as a loam
y-sand sedim

ent collected from
 an 

present in the experim
ental ditch used in this study had been w

ell established already 

subject to fungicide contam
ination predom

inantly are drainage ditches. E
ach enclosure 

w
as pushed approxim

ately 0.15 m
 into the sedim

ent of the ditch, had a w
ater depth 

of approxim
ately 0.5 m

 and contained m
acrophytes, phytoplankton, zooplankton and 

benthic invertebrates. T
he sedim

ent consisted of loam
y sand w

ith a few
 centim

etres 
detritus layer on top. T

he loam
y sand prevented percolation of w

ater, therefore, 
test 

system
s 

could 
be 

considered 
hydrologically 

isolated 
from

 
the 

surroundings. 
F

urtherm
ore, the w

ater layer in the enclosures w
as kept sim

ilar to that outside the 
enclosures, also preventing seepage. T

he only additional organism
s included w

ere 
G

am
m

arus pulex (C
rustacea, A

m
phipoda) 

A
sellus aquaticus 

(C
rustacea, Isopoda) (28 individuals/enclosure), both of w

hich play an im
portant role 

in the breakdow
n of leaf m

aterial. 

(A
lnus glutinosa) leaf m

aterial. A
ll leaf bags w

ere conditioned in an experim
ental ditch 

for 4 w
eeks prior to allocation to individual enclosures. A

t the end of the conditioning 

leaf m
aterial post-conditioning but pre-application, and to m

easure fungal biom
ass. T

he 

individual enclosures, 4 days prior to fungicide application. 
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H
alf the enclosures w

ere random
ly assigned as ‘control’ and the other half ‘treatm

ent’. 
Tebuconazole w

as applied to enclosures as the com
m

ercially available product Folicur®
 

products are often applied as form
ulations, entering the environm

ent together w
ith 

their additives. T
herefore, the use of a com

m
ercially available and w

idely used product 

(representing the H
C

5 using non-m
icrobial acute toxicity data) (M

altby et al., 2009) w
as 

applied to the treatm
ent enclosures on A

ugust 10
th, 2010. T

he fungicide w
as applied by 

pouring approxim
ately 2 L

 of dosing solution over the w
ater surface and gently stirring 

the com
pound in the w

ater colum
n. T

he control enclosures received w
ater only. 

W
ater sam

ples for tebuconazole m
easurem

ents w
ere taken from

 each enclosure on day 

100 m
L

 of a depth-integrated w
ater sam

ple (but excluding the w
ater layer near the 

sedim
ent to avoid sam

pling of detritus and sedim
ent particles) w

as collected from
 each 

enclosure on each sam
pling date. O

f this w
ell-m

ixed sam
ple, approxim

ately 2 m
L

 w
as 

used for each tebuconazole analysis using L
C

-M
S/M

S. Tebuconazole in the leaf m
aterial 

inform
ation). Tebuconazole analyses w

ere duplicated. O
n the sam

e sam
pling dates, 

tem
perature, pH

 and dissolved oxygen (D
O

) w
ere m

easured at approxim
ately 25 cm

 

w
ith a lum

inescence-based dissolved oxygen probe, and electrical conductivity w
as 

m
easured using a W

T
W

 L
F

191 m
eter. O

n days -1, 17 and 59 the alkalinity of a 100 m
L

 

(m
esh size 1.2 µm

) for total nitrogen, nitrate/nitrite, am
m

onium
, ortho-phosphate and 

total phosphate, follow
ing standard procedures.

R
eponses of phytoplankton and zooplankton to tebucanazole treatm

ent w
ere studied 

as w
ell. Since the test system

s w
ere treated w

ith concentration resem
bling the “non-

m
icrobial” H

C
5, it w

as anticipated that treatm
ent-related effects on planktonic algae 

and invertebrates w
ould be sm

all, w
hich indeed w

as the case. M
aterial and m

ethods 
inform

ation to study phyto- and zooplankton, as w
ell as inform

ation on the treatm
ent-

related effects observed at the population and com
m

unity level, are presented in the 
Supporting Inform

ation section.
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70 and stored at -80 °C
 until use. Total D

N
A

 w
as isolated using the FastD

N
A

®
 SP

IN
 K

it 
for Soil (M

P
 B

iom
edicals, U

SA
) (M

incer et al., 2005) and polym
erase chain reaction 

regions partially, and IT
S2 region com

pletely), using the prim
ers and conditions listed 

in T
able 1. P

C
R

 products w
ere analyzed by denaturing gradient gel electrophoresis 

(D
G

G
E

) using m
ethods described in (L

in et al., 2012).

B
acterial diversity in sedim

ent sam
ples from

 days -4, 24 and 59 w
as also investigated 

rR
N

A
 gene w

ere generated by P
C

R
 using prim

ers described in T
able 1. E

ach forw
ard 

C
leanup M

icro K
it (R

oche) and concentrations w
ere determ

ined using a N
anoD

rop 

w
ith titanium

 chem
istry (G

A
T

C
-B

iotech, G
erm

any).

m
aterial w

as used to determ
ine leaf decom

position. Tebuconazole concentration of 
leaf m

aterial collected from
 treatm

ent enclosures w
as determ

ined for all sam
pling dates 

except day -4 (for details regarding tebuconazole m
easurem

ents see supplem
entary 

inform
ation). 

containing 10 m
L

 sterile distilled w
ater, and agitated on a shaker for 4 days to stim

ulate 
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Ingold, 1976; N
ilsson, 1964). Total num

ber of conidia per species w
as assigned to one 

using the sam
e procedure used for sedim

ent sam
ples. T

he rem
aining leaf m

aterial 
w

as oven-dried at 60 o

on the basis of dry-w
eight. L

eaf-associated fungal and bacterial com
m

unity structure 

random
ly selected control and treatm

ent replicates being analyzed for each tim
e period. 

prim
ers and conditions listed in T

able 1. 

from
 N

ew
ell and Fell (1992), therefore, determ

ining only the biom
ass of true fungi. 

T
he pentane extraction sam

ple w
as evaporated under nitrogen, and the dried sam

ple 

m
ethanol. E

xtracted sam
ples w

ere analyzed for ergosterol by H
P

L
C

 and a U
V

 detector 
set at 282 nm

. E
rgosterol w

as converted to biom
ass using a general conversion factor 
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A
t the end of the conditioning period, seven bags of each m

esh type w
ere used to 

application). A
lder leaf decom

position, expressed as dried m
ass loss of leaf m

aterial 

m
icrobial decom

position plus invertebrate consum
ption), w

as calculated for a 56 
day period (i.e. 4 days prior to application to 52 days post application). Som

e of the 
leaf m

aterial in the m
esh bags sam

pled 52 days post application w
as used for fungal 

each m
esh bag could be calculated. L

eaf litter decom
position w

as determ
ined as the 

difference betw
een leaf m

ass rem
aining after the conditioning period and leaf m

ass 
rem

aining 52 days post application. 



Chapter 3

A
S

S
E

S
S

IN
G

 E
F

F
E

C
T

S
 O

F
 T

H
E

 F
U

N
G

IC
ID

E
 T

E
B

U
C

O
N

A
Z

O
L

E
  

T
O

 H
E

T
E

R
O

T
R

O
P

H
IC

 M
IC

R
O

B
E

S
 IN

 A
Q

U
A

T
IC

 M
IC

R
O

C
O

S
M

S

A
dult 

m
ale 

G
am

m
arus 

pulex 
(C

rustacea, 
A

m
phipoda) 

w
ere 

collected 
from

 
C

rags 
Stream

 D
erbyshire, U

K
 (N

ational G
rid R

eference SK
 497 745) and m

aintained and 
acclim

atized to experim
ental conditions prior to use in feeding experim

ents. T
here w

ere 

52 days), and feeding rate w
as determ

ined for each treatm
ent and exposure period 

com
bination. For each com

bination, a know
n m

ass of leaf m
aterial (L

1 , initial leaf dry 

received and an average (±
 SE

) of 212 ±
 2.8 m

g. O
ne adult m

ale gam
m

arid w
as then 

added to each of 24 jars. T
he other 4 jars, w

hich contained leaf m
aterial only, w

ere used 
to control for m

ass loss due to processes other than invertebrate feeding. Jars w
ere 

placed in a controlled tem
perature room

 at 15 oC
 w

ith a 12 h light, 12 h dark cycle, and 
each jar w

as continuously aerated via a sterile 21 gauge hypoderm
ic needle for 6 days. 

A
fter a 6-day feeding period, all rem

aining leaf m
aterial w

as rem
oved from

 each jar, 
rinsed w

ith distilled w
ater, and oven-dried at 60 o

(L
2

W
, anim

al 
dry m

ass, m
g) and feeding rate (F

R
, m

g leaf m
aterial/m

g anim
al/d) calculated using 

 
 

W
here C

1  w
as the m

ean proportional leaf m
ass rem

aining after 6 days in the absence of 

 W
here A

1 and A
2

N
 w

as the 
num

ber of control jars.

T
he effects of tebuconazole exposure on conidia production, fungal biom

ass and leaf 
m

ass loss w
ere analyzed using A

N
O

V
A

, and tw
o-sam

ple t-tests w
ere used to assess 

the difference in feeding rate betw
een anim

als fed leaf m
aterial deployed in control or 

B
ionum

erics softw
are version 4.61 (A

pplied M
aths, B

elgium
) (Tzeneva et al., 2009). 

E
ffects on the bacterial and fungal com

m
unities, in the sedim

ent as w
ell as on leaf 
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74 m
aterial, w

ere analyzed by the principle response curves (P
R

C
) m

ethod (V
an den B

rink 

(499 perm
utations), using C

anoco 4.5 (ter B
raak and Šm

ilauer, 2002). P
R

C
 analyses 

w
ere perform

ed using relative band intensity (relative abundance) values obtained from
 

D
G

G
E

 analysis, w
hich takes into account not only presence or absence of bands, but 

also their relative abundance. P
rior to statistical analysis, D

G
G

E
 data w

ere L
n (ax+

1) 
transform

ed, w
here x

 stands for the abundance value and a is 2 divided by the low
est 

positive abundance value in each data set (i.e. bacteria sedim
ent, bacteria leaf m

aterial, 
fungi sedim

ent, fungi leaf m
aterial). T

his transform
ation w

as perform
ed to dow

n-w
eigh 

high abundance values and approxim
ate a norm

al distribution for the data (V
an den 

B
rink et al., 2000). E

ffects on the num
ber of bacterial and fungal O

T
U

s (i.e. bands) 

accepted w
hen p

(com
patible w

ith Q
IIM

E
) w

ere used as reference databases for taxonom
y assignm

ents. 
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fungi. H
ow

ever, the responses of phytoplankton and zooplankton populations w
ere 

studied in detail as w
ell. A

 sum
m

ary of the treatm
ent-related effects on phytoplankton 

and zooplankton is presented as Supporting Inform
ation. A

s expected, an exposure 

a few
 taxa only (see supplem

entary inform
ation).

Tw
o hours after the fungicide had been applied, the m

ean (±
 SE

) tebuconazole 

declined during the course of the study, but the fungicide w
as fairly persistent w

ith the 
average concentration in treated enclosures being 58.45 ±

 15.22 µg/L
 after 59 days, 

D
uring the course of the study, the m

ean (±
 SE

) conductivity in control enclosures w
as 

pH
 w

as 7.9 ±
 0.1 in control enclosures and 8.2 ±

 0.1 in treated enclosures. M
ean (±

 
SE

) tem
perature w

as the sam
e for both treatm

ent, 16 ±
 0.5 °C

. M
ean (±

 SE
) dissolved 

oxygen from
 control enclosures w

as 7.64 ±
 0.4 m

g/L
 and 7.55 ±

 0.4 m
g/L

 from
 treated 

generally below
 detection lim

its in both the control and treated enclosures (i.e. nitrate/

phosphate <
0.1 m

g/L
). T

he exception w
as total nitrogen concentration, w

hich ranged 
from

 0.5 to 1.0 m
g/L

 (m
ean ±

 SE
 =

 0.74 ±
 0.07 m

g/L
) in control enclosures and from

 
0.6 to 1.1 m

g/L
 (m

ean ±
 SE

 =
 0.79 ±

 0.07 m
g/L

) in treated enclosures. H
ow

ever, there 
w

as no treatm
ent-related statistical difference in total nitrogen concentration.
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76 Tebuconazole concentrations in the leaf m
aterial deployed in litter bags reached a 

tebuconazole concentration in leaf m
aterial w

as detected on day 10, 92 ±
 4.6 µg/g dry 

w
eight. A

fter day 10, tebuconazole concentrations slow
ly declined in leaf litter and on 

day 52 the m
ean (±

 SE
) concentration w

as 64 ±
 10 µg/g dry w

eight (F
ig. S1B

). In the 
treated enclosures the estim

ated m
ean leaf litter D

T
50 of tebuconazole from

 day 10 

effect of tebuconazole on the num
ber of O

T
U

s (i.e. bands) for either bacterial or 
fungal com

m
unities. T

he average num
ber (±

 SE
) of bacterial O

T
U

s detected on D
G

G
E

 

fungi, the average num
ber (±

 SE
) of fungal O

T
U

s detected using IT
S prim

ers w
as 21 ±

 
1, ranging from

 16 to 25 on control sedim
ent sam

ples, and 20 ±
 1, ranging from

 14 to 
25 on sedim

ent sam
ples from

 tebuconazole treated enclosures. M
ore fungal O

T
U

s w
ere 

of both bacterial and fungal D
G

G
E

 data sets, w
hich com

pares com
m

unities based 

betw
een control and treated enclosures, indicating that tebuconazole had no detectable 

im
pact on the m

icrobial com
m

unities associated w
ith sedim

ent. 

found. R
arefaction curves generated using Q

IIM
E

 show
ed that diversity of bacterial 

com
m

unities present in the sedim
ent w

as not fully captured, since curves did not present 

revealed that P
roteobacteria w

as the m
ajor bacteria phylum

 present in the sedim
ent 

(F
ig. 1, F

ig. S4), w
ith B

etaproteobacteria, D
eltaproteobacteria and A

lphaproteobacteria 
being the m

ost abundant classes (F
ig. S5). A

t day 24, som
e bacterial phyla had a 

slightly different relative abundance w
hen control and treated units w

ere com
pared 

(i.e. C
yanobacteria; F

ig. 1). H
ow

ever, because this difference w
as not consistent in all 

replicates (F
ig. S4), a tw

o-sam
ple t-test w

as used to determ
ine w

hether the treatm
ent 
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and treated enclosures w
ere found, indicating that the variance w

as likely due to 

the fungal com
m

unity associated w
ith sedim

ent.

µg/m
g dry m

ass leaf in the tebuconazole treatm
ent over the 52 days exposure period.

decreased num
ber of fungal O

T
U

s com
pared to control units on day 17 (only for 

the treatm
ent. T

he total num
ber of fungal O

T
U

s detected depended on the prim
er set 

used. For leaf m
aterial from

 control enclosures, the average num
ber (±

 SE
) of O

T
U

s 

from
 tebuconazole treated enclosures the average num

ber (±
 SE

) of O
T

U
s w

as 5 ±
 

IT
S region, respectively. P

R
C

 analysis of the fungal 18S rR
N

A
 gene based D

G
G

E
 data, 

that recovery had occurred by D
ay 52 (F

ig. 2A
). A

nalysis of the IT
S region show

ed a 
p =

 0.06; F
ig. 2B

).
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inant genera w

ere N
ow

ak
ow

sk
iella, C

ladochytrium
, A

nguillospora and P
estalotiopsis. 

T
etracladium

 w
as also found on leaf m

aterial from
 both control and treated enclosures, 

indicated that the fungal com
m

unity on tebuconazole-exposed leaf m
aterial exhibited 



Chapter 3

A
S

S
E

S
S

IN
G

 E
F

F
E

C
T

S
 O

F
 T

H
E

 F
U

N
G

IC
ID

E
 T

E
B

U
C

O
N

A
Z

O
L

E
  

T
O

 H
E

T
E

R
O

T
R

O
P

H
IC

 M
IC

R
O

B
E

S
 IN

 A
Q

U
A

T
IC

 M
IC

R
O

C
O

S
M

S79

an increase in the relative abundance of A
nguillospora and a decrease in the relative 

abundance of P
estalotiopsis

In term
s of conidia production, A

nguillospora longissim
a and T

etracladium
 setigerum

 w
ere 

treatm
ent, how

ever, conidia production by 
A

nguillospora 
longissim

a

reduced by exposure to tebuconazole at all-tim
e points (F

ig. 4). T
he abundance of 

T
etracladium

 setigerum
 conidia w

as not affected by tebuconazole exposure (F
ig. 4).

+
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80 from
 leaf m

aterial (F
ig. 5), how

ever, its relative abundance w
as greater on leaf m

aterial 

class, follow
ed by B

etaproteobacteria and D
eltaproteobacteria (F

ig. S6). Sedim
ent 

show
ed a higher diversity of bacterial phyla w

hen com
pared to leaf litter. In total 40 

leaf litter. H
ow

ever, the m
ost abundant phyla in both control and treated enclosures 

w
ere the sam

e. 

did not present a plateau in either case, how
ever, com

plete fungal diversity w
as closer 

to be obtained than bacterial. W
hile bacterial and fungal diversity w

ere not entirely 

and F
ig.5). 

the study (day 52), m
ean (+

+
 0.06 g of w

hich approxim
ately 

+
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T
he m

ean (±
 SE

) feeding rate of G
am

m
arus pulex offered leaves previously deployed in 

dried anim
al/day for anim

als offered leaves previously deployed in the tebuconazole-
treated enclosures. A

nim
als fed tebuconazole-exposed leaves had consistently low

er 
feeding rates than those fed w

ith non-exposed leaf m
aterial (F

ig. 6). T
his treatm

ent 

exposure to the end of the experim
ent at 52 days. 
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82 T
he aim

 of this study w
as to evaluate the extent to w

hich a fungicide concentration 
resem

bling its acute “non-m
icrobial” H

C
5 (established using acute toxicity data for 

µg tebuconazole/L
 (i.e. the “non-m

icrobial” H
C

5) in outdoor enclosures containing 
m

acrophyte, algal and invertebrate com
m

unities representative of D
utch ditches. B

ased 
on laboratory studies, tebuconazole is expected to be relatively persistent in w

ater 

ow

days for the w
ater phase and 90 days for leaf m

aterial. It seem
s plausible to assum

e that 
the freely dissolved tebuconazole fraction in w

ater is bioavailable to m
icrobes. To w

hat 
extend the fraction of tebuconazole present in organic m

atter and plant litter is directly 

A
 greater num

ber of bacterial phyla w
ere associated w

ith sedim
ent than w

ith leaf 

P
roteobacteria; dom

inant classes being A
lphaproteobacteria, B

etaproteobacteria and 
D

eltaproteobacteria. H
igh abundance of P

roteobacteria, associated w
ith freshw

ater 
sedim

ents, has already been found in previous studies (B
esem

er et al., 2012; Spring et 

line w
ith data presented by M

cN
am

ara and L
eff (2004) w

ho found that P
roteobacteria 

H
utalle-Schm

elzer et al. (2010) reported that after the introduction of leaf litter in 
lim

netic system
s P

roteobacteria increased, suggesting that they are able to grow
 on, and 

process, recalcitrant com
pounds originating from

 leaf litter. 

T
he m

axim
um

 num
ber of fungal O

T
U

s detected by D
G

G
E

, targeting the 18S rR
N

A
 

gene, w
as 61 for sedim

ent and 9 for leaf m
aterial. Such difference m

ight be explained 

W
hen the IT

S region w
as targeted, the m

axim
um

 num
ber of O

T
U

s w
as 25 for sedim

ent 

that the dom
inant groups w

ere C
hytridiom

ycota (zoosporic fungi) and A
scom

ycota 
(includes hyphom

ycetes) and that the dom
inant genera w

ere A
nguillospora, C

ladochytrium
, 
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N
ow

ak
ow

sk
iella and P

estalotiopsis. P
revious studies have also detected a high abundance 

of the zoosporic fungi (e.g. C
ladochytrium

, N
ow

ak
ow

sk
iella) associated w

ith decom
posing 

leaves (M
arano et al., 2011), indicating the potential im

portance of these fungal groups 
in leaf decom

position. M
ost studies of leaf decom

position have focused on the role 

A
nguillospora, T

etrachaetum
, T

um
ularia and T

etracladium
 (T

able S2). 

structure of the bacterial com
m

unity associated w
ith sedim

ent or leaf m
aterial. W

e are 
not aw

are of other studies that have addressed the im
pact of tebuconazole on sedim

ent 
bacteria, but the effect of tebuconazole on soil bacteria has been studied. H

ow
ever, the 

results of these studies are inconsistent: using the sam
e concentration of tebuconazole, 

B
ending et al. (2007) found no effect on soil bacterial biom

ass or com
m

unity structure, 
w

hereas M
uñoz-L

eoz et al. (2011) reported a decrease in soil m
icrobial biom

ass and 

outdoor system
 as used here for tebuconazole, did not detect any consistent treatm

ent-
related effects on the sedim

ent bacterial com
m

unity (L
in et al., 2012).  W

idenfalk et al. 
(2008) found that captan, applied to a freshw

ater sedim
ent at environm

entally relevant 

m
icrobial com

m
unity; suggesting the presence of functional redundancy in the captan-

stressed m
icrobial com

m
unity. M

ilenkovski et al. (2010) investigated the toxicity of eight 
fungicides, including captan, to a bacterial com

m
unity isolated from

 a w
etland; toxic 

effects only being seen at fungicide concentrations m
uch higher than w

ould norm
ally 

Several studies have investigated the effects of tebuconazole on bacteria associated 
w

ith decom
posing leaf m

aterial. U
nder laboratory conditions, bacterial cell num

bers 
on conditioned leaves w

ere not affected w
hen exposed to 65 µg tebuconazole/L

 

tebuconazole/L
 (B

undschuh et al., 2011). A
rtigas et al. (2012) analyzed the effects of a 

chronic tebuconazole exposure (6 w
eekly pulses of 20 µg/L

) in experim
ental laboratory 

channels and found that bacterial biom
ass tem

porally decreased on conditioned A
lnus 

and P
opulus

they dem
onstrated effects of repeated tebuconazole application on bacterial com

m
unity 

structure, particularly on decom
posing P

opulus leaf m
aterial. T

his contrasts w
ith our 

com
m

unities used. W
e colonised leaves in static ditches and dosed standing w

ater 
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of 58 µg/L
 after 59 days, suggesting that the difference in effect is not due to exposure 

concentration. It is highly probable that the com
position of the m

icrobial com
m

unities 
on leaf m

aterial differed betw
een the tw

o studies and therefore the difference could 
be due to the greater sensitivities of stream

 bacterial com
m

unities to tebuconazole 
exposure. H

ow
ever, com

parison betw
een m

icrobial com
m

unities described here and 

provide inform
ation on the identity of bacteria. 

Tebuconazole had no effect on the fungal com
m

unity in sedim
ent, but did affect the 

fungal com
m

unity associated w
ith leaf m

aterial. W
e are not aw

are of other studies 
that have addressed the im

pact of tebuconazole on sedim
ent fungal com

m
unities, 

although there have been studies on soil organism
s, individual fungal species and fungal 

com
m

unities on leaves. Tebuconazole (5 m
g/kg) had a lim

ited effect on the eukaryotic 
soil com

m
unity (B

ending et al., 2007) and four of the seven fungal species exposed 

tebuconazole/L
 (D

ijksterhuis et al., 2011). A
lthough none of these four species w

ere 
found in the present study, above data indicate that w

e could have expected effects on 
fungi in our enclosure experim

ent. O
ne possible explanation for w

hy w
e could not 

dem
onstrate such an effect m

ight be that exposure conditions in the laboratory tests 

w
here the bioavailable fraction of tebuconazole m

ay be low
er. A

nother reason for the 

enclosures w
ere genetically and/or physiologically m

ore tolerant to tebuconazole-stress 
than the isolates used in the laboratory experim

ent.  

Tebuconazole exposure resulted in a change in the total num
ber of O

T
U

s and relative 
abundance of fungi on leaf m

aterial, as w
ell as sporulation, but no change in biom

ass. 
P

revious studies have reported a reduction in fungal biom
ass w

hen leaf m
aterial, 

w
hich had been colonized by using pre-conditioned leaves in stream

s, is exposed 
to tebuconazole (A

rtigas et al., 2012; B
undschuh et al., 2011; Z

ubrod et al., 2011) 
suggesting that stream

 fungal com
m

unities m
ay be m

ore sensitive to tebuconazole 
than ditch fungal com

m
unities. In the present study, fungal biom

ass on leaf m
aterial 

m
g dry leaf m

ass com
pared to 21 - 104 µg fungus/m

g dry leaf m
ass) (G

essner and 

leaf litter betw
een a pond and a river and reported that the fungal biom

ass associated 
w

ith decom
posing leaves in the river w

as approxim
ately 2.5 - 4.0 tim

es larger than in the 
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the leaf m
aterial, w

hich is a group of fungi that does not contain ergosterol (G
essner 

et al., 1997). T
herefore, part of the fungal com

m
unity present on the leaf m

aterial 

biom
ass on the leaf m

aterial, coupled w
ith a difference in com

m
unity com

position, m
ay 

explain the absence of treatm
ent-related effects on fungal biom

ass in our study. 

A
nguillospora 

and a decrease in the relative abundance of P
estalotiopsis on alder leaf m

aterial exposed 
to tebuconazole. T

he production of conidia by A
nguillospora longissim

a w
as reduced by 

tebuconazole exposure, indicating that sporulation w
as sensitive to this fungicide. T

his 

fungal sporulation in the presence of tebuconazole (65 µg/L
) (Z

ubrod et al., 2011) and 
other stressors, including heavy m

etals (B
erm

ingham
 et al., 1996b; D

uarte et al., 2009; 
L

ecerf and C
hauvet, 2008). In contrast, eutrophication had a positive effect on conidia 

production (L
ecerf and C

hauvet, 2008), and L
in et al. (2012) could not dem

onstrate 

conidia production. L
ecerf and C

hauvet (2008) have argued that of a suite of m
easures 

of fungal perform
ance (i.e. m

icrobial leaf decom
position, conidia production, fungal 

biom
ass and species richness), conidia production w

as the m
ost sensitive indicator of 

anthropogenic stress in stream
s.

F
ungal com

m
unity com

position and abundance are im
portant for m

icrobially-m
ediated 

leaf decom
position and the utilization of leaf m

aterial by shredder invertebrates 

in fungal com
m

unity structure, there w
as no evidence of an effect of tebuconazole 

rate. G
am

m
arus pulex

study of B
undschuh et al. (2011) that reported that G

. fossarum

leaf m
aterial that had not been exposed to tebuconazole over leaf m

aterial previously 
exposed to concentrations of either 50 or 500 µg/L

 tebuconazole. Z
ubrod et al. (2010) 

G
. fossarum

 w
hen offered leaf 

m
aterial previously exposed to a tebuconazole concentration of 600 µg/L

. R
eduction 

in feeding rate of G
. pulex could be due to either a toxic effect of tebuconazole 

changes in m
icrobial com

position or due to a toxic effect of the tebuconazole in 
the w

ater phase. A
lnus leaf m

aterial did accum
ulate tebuconazole (m

ean values 64-
82 µg/g) and it is know

n that G
. pulex exhibits preferences for particular species of 
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86 exposure did alter fungal com
m

unity com
position, w

ith the m
axim

um
 effect being 

changes detected in com
m

unity structure w
ould alter shredder feeding preferences. 

Interestingly, tebuconazole-induced reductions in feeding rate observed in laboratory 
studies did not translate into reduction in invertebrate-m

ediated leaf decom
position in 

the m
icrocosm

s. A
 probable explanation for that m

ight be the low
 density of shredders 

in the experim
ental units, relative to the total am

ount of leaf m
aterial present. 

effect on fungal biom
ass, leaf decom

position or bacterial com
m

unities associated w
ith 

either sedim
ent or leaf m

aterial in m
icrocosm

s. Tebuconazole exposure did, how
ever, 

fungal com
m

unity associated w
ith A

lnus leaf m
aterial; although the effects on the fungal 

com
m

unity w
ere short-term

 and recovery occurred by 52 days post-application. T
he 

feeding rate of G
am

m
arus pulex fed leaf m

aterial exposed to tebuconazole for at least 

a lim
ited ecological im

pact, such im
pact should not be ignored; instead, should alarm

 

and function of m
icrobial com

m
unities in freshw

ater ecosystem
s. T

his m
ay be also true 

for stream
 (lotic) ecosystem

s, w
here although duration of exposure m

ay be reduced, 
fungi play a m

ore prom
inent role in decom

position and the m
icrobial com

m
unity m

ay 
be m

ore sensitive to fungicide exposure. 
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tebuconazole in the w
ater phase and leaf m

aterial used in the present w
ork. T

hese 
m

ethods w
ere developed by the E

nvironm
ental R

isk A
ssessm

ent Team
 at A

lterra 
Institute - W

ageningen U
niversity.

Tebuconazole standard stock solutions w
ere prepared using a reference m

aterial w
ith 

w
as further diluted (100-fold) in acetone to produce a second stock solution of stock 5 

m
g/L

). B
oth stock solutions w

ere stored at -20 oC
 until further use.

P
rior analysis, calibration standards w

ith concentrations ranging from
 0.5 to 250 ng/m

L
 

w
ere freshly prepared by diluting the stock previously prepared. D

ilutions w
ere m

ade 
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T
his tebuconazole outdoor m

icrocosm
 experim

ent w
as conducted in concert w

ith 
another outdoor m

icrocosm
 experim

ent studying the ecological effects of exposure 
to the fungicide m

etiram
 (see L

in et al. 2002). In fact the m
etiram

 and tebuconazole 
experim

ents shared the sam
e control test system

s. T
he m

aterials and m
ethods to sam

ple 
and identify phyto- and zooplankton, as w

ell as a m
ore detailed description of the 

phytoplankton and zooplankton populations in control test system
s are described in 

detail in L
in et al. (2012).  A

pproxim
ately 100 different taxa of phytoplankton w

ere 

(2012) for further details. 

P
rior to univariate and m

ultivariate analyses, abundance data of zooplankton w
ere 

L
n(A

x
+

1) transform
ed, w

here x stands for the abundance value and A
x m

akes 2 by 
taking the low

est abundance value higher than zero (see V
an den B

rink et al. (2000) for 
rationale). T

his w
as done to dow

n w
eigh high abundance values and to approxim

ate 
a log-norm

al distribution of the data. T
he zooplankton and phytoplankton data 

w
ere respectively, L

n(10x+
1) and L

n(1.47x+
1) transform

ed before analysis. A
ll other 

variables w
ere tested using untransform

ed values. N
o O

bserved E
ffect C

oncentrations 
(N

O
E

C
s) at param

eter or taxon level w
ere calculated using the A

N
O

V
A

 test. T
he 

analyses w
ere perform

ed w
ith the C

om
m

unity A
nalysis com

puter program
 (H

om
m

en 

differences in population densities of phytoplankton and zooplankton taxa betw
een the 

control and the treated replicates for each sam
pling w

eek. 

T
he response of the zooplankton and phytoplankton com

m
unities to the treatm

ent 

C
arlo perm

utation testing (V
an W

ijngaarden et al., 1995). R
D

A
 w

as used to obtain an 

a diagram
 w

hich sum
m

arizes the data set, w
hile still show

ing species com
position for all 

sam
ples (see F

ig. S8 as exam
ple). In the diagram

, sam
ples w

ith nearly identical species 
com

position lie close together, w
hile sam

ples w
ith very different species com

position 
lie far apart. A

 species w
hich is relatively abundant in a sam

ple w
ill be situated close to 

this sam
ple. T

his diagram
 allow

s effects at the com
m

unity level to be distilled. To check 
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98 w
hether the treatm

ent related differences show
n in the R

D
A

-diagram
s w

ere statistically 

C
arlo perm

utation tests w
ere perform

ed using the C
A

N
O

C
O

 softw
are package, version 

differences w
ere indicated.

fo
r e

a
c
h

 s
a

m
p

lin
g
 d

a
te

.

d
a

y
P

-v
a

lu
e
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3
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5
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2
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2
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3
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9

Since no statistical differences (all p values >
 0.05) w

ere indicated in T
able S4 (M

onte 
C

arlo perm
utaion), the R

D
A

 diagram
 is not show

n.

For three zooplankton taxa m
ore or less consistent treatm

ent-related responses w
ere 

observed in the tebuconazole m
icrocosm

 experim
ent (see F

igure S7).
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T
he rotifer 

 show
ed a treatm

ent-related increase at the end of the study 
(indirect effect) w

hile C
opepod nauplii and C

yclopoida show
ed a treatm

ent-related 
decrease on several sam

plings.
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<
 0.05) could be dem

onstrated on the isolated sam
pling day 24 only (T

able S5). O
n 

the R
D

A
 biblot (F

igure S8) it can indeed be seen that on sam
pling day 24 (D

24*C
 and 

D
24*T

) the trajectory of the control test system
s (green line; D

*C
 data points) deviated 

m
ost from

 that of the tebuconazole-treated test system
s (red line; D

*T
 data points).
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For one phytoplankton population only (T
rachelom

onas gr 
oblonga) a consistent and 

Tebuconazole application caused an increase in abundance of this taxon at the end of 
the tebuconazole m

icrocosm
 study.
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W
hole sedim

ent toxicity tests play an im
portant role in environm

ental risk assessm
ent 

of organic chem
icals. It is not clear, how

ever, to w
hat extent changing m

icrobial 
com

m
unity com

position and associated functions affect sedim
ent test results. W

e 

day bioaccum
ulation test w

ith polychlorinated biphenyls, chlorpyrifos and four m
arine 

genes w
ere used to characterise bacterial com

m
unity com

position. A
bundance of total 

bacteria and selected genes encoding enzym
es involved in im

portant m
icrobially-m

ediated 

responded m
ost to the tim

e course of the experim
ent, w

hereas organic m
atter (O

M
) 

bacterial com
m

unity com
position than invertebrate species. M

edium
 O

M
 content led 

to the highest gene abundance and is preferred for standard testing. O
ur results also 

bacterial com
m

unity. T
he observed changes in m

icrobial com
m

unity com
position and 

functional gene abundance m
ay im

ply actual changes in such functions during tests, 
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Sedim
ent m

icrobial com
m

unities play an im
portant role in ecosystem

 functions like 
nutrient cycling, prim

ary production and decom
position. 1 M

icrobial com
m

unities have 

carbon 
dynam

ics
1 

and 
providing 

a 
food 

source. 2-5 
O

n 
the 

other 
hand, 

benthic 
invertebrates can affect m

icroorganism
s for instance by bioturbation, i.e. rew

orking of 
sedim

ents by anim
als and plants. 6-9

10-12 
by 

adsorption,
 

bioaccum
ulation

14 
and 

biodegradation. 15-18 In turn, chem
icals that enter the environm

ent m
ight affect m

icrobial 
com

m
unity structure and function

14,19-22 and thereby cause effects at higher trophic 
levels.

 H
ence, m

icrobial com
m

unities constitute an im
portant endpoint in sedim

ent 
26,27 since they are ecologically relevant, 28 m

ight affect environm
ental 

transform
ation of chem

icals
27 and are sensitive to chem

icals. 20 

testing. 26 N
atural sedim

ents are highly com
plex and heterogeneous in tim

e and space. 

to allow
 for m

ore com
parable outcom

es. M
icrobial com

m
unities, how

ever, are poorly 
 N

evertheless, the 

 chem
ical 

behaviour, food availability, sym
bioses and other processes (F

igure S1). Such processes 

sedim
ent preparation, follow

ing spiking. E
ventually, m

icrobes m
ay affect the outcom

e 
of standard tests w

ith higher organism
s. 29 For instance, the bioavailability of chlorpyrifos 

for C
hironom

us riparius
14 

Ideally, benthic invertebrate toxicity tests should be perform
ed w

ith single species, in 

to exclude m
icroorganism

s during an invertebrate test or during any sedim
ent test. 

A
bsence of m

icroorganism
s w

ould also m
ake such tests less ecologically relevant, 

since sedim
ent m

icrobial com
m

unities play an im
portant role in ecosystem

 functions. 1 

during sedim
ent tests. 29 M

oreover, toxicity tests using sedim
ent m

icroorganism
s often 

focus on evaluating effects on single species
 or on global m

icrobial endpoints, such as 
m

icrobial com
m

unity density.
 Such approaches m

ay fail to detect effects on m
icrobial 

com
m

unity com
position, structure and/or function. T

herefore, m
easurem

ents of 
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ecologically relevant endpoints associated w
ith benthic m

icrobial com
m

unities in 
standardised sedim

ent toxicity tests are also needed. 26

T
he aim

 of the present study w
as to assess the developm

ent of bacterial com
m

unities 
and selected genes involved in im

portant m
icrobially m

ediated ecosystem
 functions, 

bioaccum
ulation experim

ent w
as conducted w

ith four m
arine benthic invertebrates on 

(C
P

F
) 

at 
concentrations 

non-toxic 
for 

invertebrates.
 

D
enaturing 

gradient 
gel 

ribosom
al R

N
A

 (rR
N

A
) gene fragm

ents w
ere used to investigate bacterial com

m
unity 

encoding enzym
es involved in im

portant m
icrobially m

ediated ecosystem
 functions, 

degradation of organophosphate com
pounds like C

P
F. To our know

ledge, this is the 

using a com
plem

entary set of state of the art m
olecular tools. 
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Sedim
ent sam

ples for m
icrobial analyses w

ere taken during different phases in a 
bioaccum

ulation experim
ent, w

hich has been described before.
 H

ere, a brief sum
m

ary 
is provided. V

isual representation of the experim
ent (F

igure S2) and details on m
ethods 

and chem
icals used are provided as supplem

entary inform
ation (SI). A

 28-day sedim
ent 

bioaccum
ulation test w

as perform
ed in a tem

perature-controlled room
 of 14 °C

 under 
average (standard deviation (SD

)) light conditions of 21 (2) lux w
ith a photoperiod 

of 16h light: 8h dark. Four m
arine benthic invertebrate species w

ere used: A
renicola 

m
arina (L

innaeus, 1758) (annelid; sub-surface deposit feeder), C
orophium

 volutator (Pallas, 
1766) (crustacean: detritus feeder), M

acom
a balthica (L

innaeus, 1758) (m
ollusc; facultative 

suspension feeder) and N
ereis virens

live buried in the sedim
ent. A

. m
arina, C

. volutator and M
. balthica w

ere collected from
 

N
. virens w

as obtained from
 a professional bait farm

.
 Four treatm

ents 

 

Standard 
sedim

ent 
w

as 
prepared 

according 
O

E
C

D
 

guideline 
218

 
w

ith 
sm

all 

a hom
ogeneous slurry, w

hich w
as spiked w

ith P
C

B
s and C

P
F

 and thoroughly m
ixed 

obtain the aforem
entioned low, m

edium
 and high O

M
 content treatm

ents.
 Peat w

as 
dried (40 °C

) and ground before being used for sedim
ent preparation. A

fter grinding, 
three random

 sam
ples w

ere taken and kept at -20 ºC
 until further analyses. 

P
C

B
s w

ere chosen as a representative of legacy com
pounds (P

O
P

s) and as relatively 
inert chem

icals w
ith a dose below

 toxicity thresholds for invertebrates and therefore 
an ideal tracer chem

ical for bioaccum
ulation. C

P
F

 w
as chosen as a representative of 

insecticides, w
hich are a contrasting chem

ical group (e.g. regarding their degradability 
and usage patterns) as com

pared to P
C

B
s.

 T
he nom

inal concentration for sum
 P

C
B

s 

concentration w
as the sam

e for all treatm
ents, how

ever, pore w
ater concentrations 

betw
een chem

icals and sedim
ent prior to the start of exposure, sedim

ent w
as agitated 

for 69 days on a roller bank in the dark at room
 tem

perature. C
ontrol sedim

ent received 
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the sam
e am

ount of solvent, i.e. acetone, as the treated sedim
ent.

 Test chem
icals w

ere 
extracted from

 w
ater using E

m
pore disks and biota and sedim

ent sam
ples w

ere soxhlet 
extracted. T

he extracts w
ere analyzed by gas chrom

atography–m
ass spectrom

etry, 
follow

ing published procedures.

w
ater and overlying w

ater. T
he volum

e of overlying w
ater w

as approxim
ately 25 L

 and 

possible through the gauze and w
as enhanced by aeration to ensure com

plete m
ixing 

of overlying w
ater. Invertebrates w

ere added 7 days after the sedim
ent w

ater system
 

w
as prepared to allow

 for better physical-chem
ical stability as has been recom

m
ended 

by V
errhiest et al.

A
. m

arina, 70 C
. volutator, 25 M

. balthica and 10 
N

. virens individuals w
ere added in their respective enclosures. In the m

ixed species 

w
ithout enclosures, to test effects of species-species interaction on bioaccum

ulation. 

variables oxygen, tem
perature, salinity, conductivity and pH

 w
ere m

easured three tim
es 

a w
eek. A

m
m

onium
, nitrate, chlorophyll (cyanobacteria, green algae and diatom

s) and 

from
 each enclosure.

test (F
igure S2). N

ote that the duration of the bioaccum
ulation experim

ent w
as 28 days, 

starting after a stabilization period of 7 days. T
herefore, the end of the bioaccum

ulation 

sedim
ent com

pounds and m
ixing them

 thoroughly on a roller bank for 1 day (t=
-69 d) 

(F
igure S2). If m

ore than one container w
as used for sedim

ent preparation, subsam
ples 

from
 each container w

ere m
ixed and three random

 sam
ples w

ere taken. A
t the end of 

w
ith the sam

e sedim
ent w

ere thoroughly m
ixed and three random

 sam
ples w

ere taken. 

from
 each enclosure w

as m
ixed and a sam

ple w
as taken. For the treatm

ents w
ithout 

enclosure, the w
hole sedim

ent w
as m

ixed and a sam
ple taken, after rem

oval of the test 
species. Sam

ples w
ere stored at -20 °C

 until further analyses. In addition, sam
ples of 

control and spiked m
edium

 O
M

 sedim
ent w

ere taken during the sedim
ent preparation 

phase at t=
-69 d, t=

-62 d, t=
-55 d and t=

-41 d in a sim
ilar w

ay as described above.
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Total D
N

A
 w

as isolated from
 all sedim

ent and peat sam
ples using the FastD

N
A

 Spin 
kit for soil (M

P
 B

iom
edicals) according to m

anufacturer’s protocol. Sedim
ent sam

ples 

of the bioaccum
ulation experim

ent (t=
0 d) w

ere used for D
N

A
 isolation, yielding in 

total 18 sam
ples. H

ow
ever, for the sedim

ent sam
ples at the end of the bioaccum

ulation 

sam
ples w

ere left out as less chem
ical effect on the bacterial com

m
unity w

as expected 

nifH
 gene), am

m
onia-oxidizing 

bacteria (am
oA

 gene), denitrifying bacteria (nosZ
 gene), sulphate-reducing bacteria (dsrA

 
gene) and bacteria capable of hydrolyzing organophosphate com

pounds (opd gene). 

R
eal-T

im
e P

C
R

 D
etection system

 (B
io-R

ad, V
eendaal, the N

etherlands). A
ll sam

ples 
w

ere analyzed in triplicate and reactions w
ere carried out in a total volum

e of 10 µL
. 

w
ere perform

ed according to R
ico et al.

nosZ
 

. A
bundance of the dsrA

according to Foti et al.
. A

bundance of the opd 

10-fold serial dilutions of the target gene w
as included. Standards w

ere obtained by 
am

plifying the target genes from
 bacterial sources know

n to harbour one or m
ore genes 

described in T
able S1.

in 
com

bination 
w

ith 
titanium

 
chem

istry 
(G

A
T

C
-B

iotech, 
C

onstance, 
G

erm
any). 

al.
. B

acterial com
m

unity structure of m
edium

 O
M

 sedim
ent sam

ples taken during pre-

D
G

G
E

 w
ere perform

ed according to L
in et al. 40. 



C
H

A
P

T
E

R
 4

116

the Q
uantitative Insights Into M

icrobial E
cology pipeline (Q

IIM
E

) version 1.7.0
41, 

according to D
im

itrov et al.
. P

rincipal C
oordinates A

nalyses (P
C

oA
) w

ere perform
ed 

using un-w
eighted and w

eighted U
niFrac distances. U

nifrac is a m
ethod of calculating 

distance 
betw

een 
m

icrobial 
com

m
unities 

taking 
into 

consideration 
phylogenetic 

inform
ation, 

w
here 

only 
presence/absence 

(un-w
eighted) 

or 
relative 

abundance 
(w

eighted) of operational taxonom
ic units (O

T
U

s) can be taken into account. P
C

oA
 

plots w
ere used to visualize sim

ilarities or dissim
ilarities am

ong sam
ples taken at start 

at different sam
pling tim

es w
ere tested using analysis of sim

ilarity (A
N

O
SIM

) by 

B
ionum

erics softw
are version 4.61 (A

pplied M
aths, Sint-M

artens-L
atem

, B
elgium

). 
M

ultidim
ensional 

Scaling 
(M

D
S) 

w
as 

perform
ed 

in 
order 

to 
com

pare 
bacterial 

w
hich had been analyzed by D

G
G

E
. M

D
S analysis w

as perform
ed using B

ionum
erics 

softw
are version 4.61.

B
acterial 16S rR

N
A

, nifH
, am

oA
, nosZ

, dsrA
 and opd gene abundance data and Shannon 

diversity index (16S rR
N

A
 gene) w

ere checked for norm
ality w

ith Q
-Q

 plots and 

w
as used for data that w

ere not norm
ally distributed, how

ever, in case data w
ere still not 

norm
ally distributed the non-param

etric K
ruskal-W

allis test w
ith pairw

ise com
parison 

w
as used. D

ata for w
hich assum

ptions w
ere m

et w
ere tested either w

ith a t-test or w
ith 

=
0.05 

test for m
ain effects. W

hen an interaction effect w
as detected w

ith tw
o-w

ay A
N

O
V

A
, 

an L
SD

 test adjusted for m
ultiple pairw

ise com
parisons w

as used to detect differences.
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R
esults of the bioaccum

ulation experim
ent have been described before.

 In brief, 
because of the experim

ental design, concentrations in the sedim
ent w

ere sim
ilar for 

treatm
ents and stayed relatively constant during the experim

ent for P
C

B
s. P

C
B

s are 
chem

ically and biologically stable and can persist in sedim
ents and soils for years.

 
In contrast, at the end of the experim

ent, the concentration of C
P

F
 w

as below
 the 

detection lim
it in all treatm

ents, w
hich m

ight be explained by biologically-m
ediated and 

surface-catalysed hydrolysis, oxidation, photolysis and volatilization.
 A

 previously 
reported halve-life tim

e (D
T

50
46 

C
. volutator 

A
. 

m
arina, M

. balthica and N
. virens in all treatm

ents. Survival for A
. m

arina in the m
ixed 

N
. virens.

m
aintained during the test, and variation of tem

perature, pH
, D

O
 and conductivity 

im
portant ecosystem

 functions m
ediated by m

icroorganism
s in sedim

ents. T
his enabled 

us to address to w
hat extent presence and abundance of such genes are affected by the 

by varying O
M

 content and by presence of benthic invertebrates.

O
verall, abundance of all genes targeted here w

as low
 or below

 detection lim
it (highest 

6
8 copies/g w

et sedim
ent 

for all treatm
ents and tim

e points (T
able S5), w

hich lies in the low
er range found for 

natural m
arine sedim

ent (2x10
7

9 copies/g w
et sedim

ent, calculated assum
ing 

47 of 1.7 g/
cm

). 44,45,48,49

orders of m
agnitude low

er than those found in natural m
arine sedim

ent (T
able S6).

 
29 and V

errhiest et al.
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a better choice, even though the ecological relevance decreases. B
acterial com

m
unities 

bacterial source during preparation (e.g. bacteria present in the air) and therefore m
ight 

differ from
 a natural sedim

ent bacterial com
m

unity. 29 A
fter grinding, the total bacterial 

abundance in peat w
as higher than the bacterial abundance in the sedim

ent at start of 

peat w
as the m

ain bacterial source. T
he seaw

ater that w
as used to prepare the sedim

ent 
m

ight have been another m
ain source, how

ever, bacterial abundance in the seaw
ater w

as 
not m

easured. 

nosZ
 w

as 
dsrA

 and opd abundances 

d), how
ever, these genes w

ere detected, w
ith highest values found for nosZ

 and dsrA
 

(T
able S5). T

his suggests that during the testing phase bacterial grow
th m

ight be 
stim

ulated by changing conditions during the experim
ental period, such as increased 

concentrations of nutrients in general, as w
ell as specialized feeding of bacteria on 

the spiked chem
ical e.g. bacteria capable of hydrolyzing organophosphate com

pounds 
(opd gene). Studies conducted in soils have dem

onstrated the im
portance of m

icrobial 

longer in sterile soil (abiotic degradation) com
pared to natural soils (abiotic and biotic 

degradation).
 M

oreover, D
T

50

(25.5 days) are m
uch longer than the total D

T
50

46 indicating 
that biodegradation dom

inates degradation in sedim
ents. 44

that the disappearance of the organophosphate C
P

F
 during the bioaccum

ulation 
test can be explained by an increased abundance of bacteria capable of hydrolyzing 

opd

sim
ilar relationship betw

een functional gene abundances and chem
ical degradation has 

been show
n e.g. for chloroethenes and hexachlorobenzene, 56-58 w

hich further supports 
the plausibility of this explanation.

A
dditionally, 

bacteria 
can 

be 
introduced 

either 
w

ith 
the 

added 
invertebrate 

test 
species

55,56 and/or by experim
ental procedures and environm

ental surrounding (e.g. air). 

and diversity. 6-8 For exam
ple, D

ollhopf et al.
 show

ed that bioturbation delivered 

processes.
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B A
B

bacteria, nifH
 and am

oA
 abundance betw

een the O
M

 treatm
ents except for nifH

 at low
 

detected genes w
as higher in the m

edium
 O

M
 than in the low

 and high O
M

 treatm
ent 

C
P

F
 and the higher nutrient availability at high O

M
, the highest bacterial abundance 

w
ould be expected at high O

M
 instead of m

edium
 O

M
. 

d) of the bioaccum
ulation test for both low

 and m
edium

 O
M

, w
hereas nosZ

 and dsrA
 

abundances w
ere different betw

een start and end for m
edium

 O
M

 only (independent 
am

oA

differences could be found in neither of the O
M

 treatm
ents, despite the high num

erical 
nosZ

 and dsrA
 for low

 O
M

 and 
opd for low

 and m
edium

 O
M

 treatm
ents, no statistical tests w

ere perform
ed as values at 

t=
0 d w

ere below
 detection lim

it. H
ow

ever, a sim
ilar num

erical increase in abundance 
occurred as observed also for am

oA
nifH

 did 

start and end of the bioaccum
ulation test (F

igure 1B, T
able S7). 
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genes w
as low

er for A
. m

arina and C
. volutator com

pared to treatm
ents w

ith N
. virens 

and M
. balthica

content and invertebrate species on total bacterial abundance, neither on any of the 
targeted functional genes in the sedim

ent (2-w
ay A

N
O

V
A

, p>
0.05, T

able S8). T
here 

nifH
 and 

dsrA

had low
er abundance than m

edium
 O

M
. 

am
oA

 
(F

igure S5C
) and nosZ

 (F
igure S5D

) in the sedim
ent w

as detected. G
ene abundances 

in sedim
ents w

ith A
. m

arina and C
. volutator w

ere m
ore sim

ilar to each other than 
those observed in sedim

ents w
ith M

. balthica and N
. virens. T

he highest difference w
as 

observed betw
een A

. m
arina w

ith low
 abundance and M

. balthica w
ith high abundance. 

A
s m

entioned before, bioturbation can stim
ulate bacterial grow

th, thus leading to 
increased bacterial abundance. A

. m
arina and C

. volutator share the sam
e bioturbation 

m
echanism

: creating and irrigating U
-shaped tubes in the w

hole sedim
ent or in the 

top 2 cm
 of the sedim

ent. 59 In contrast, N
. virens creates and irrigates burrow

 galleries 
in the w

hole sedim
ent, 59 w

hereas M
. balthica

sedim
ent and is a biodiffuser. 60 T

he type of bioturbation determ
ines the m

agnitude of 
the effect 59,60 and explains that species w

ith m
ore sim

ilar bioturbation strategies show
 

this m
ight be different. For exam

ple, C
. volutator and M

. balthica

nitrate from
 sedim

ent to the overlying w
ater, w

hereas A
. m

arina and N
. virens increase 

8,60 A
ll species have been reported to 

60 D
ifferences in 

activity and m
icrobial activity in faecal pellets. 8,60

difference in abundance betw
een the enclosed single species and m

ixed species treatm
ent, 

for any of the genes (independent t-test, p>
0.05, T

able S9). In m
ixed species system

s, 
it can be expected that the bioturbation activities of the species w

ith the highest im
pact 

w
ill dom

inate the effects of the other bioturbating species, rendering them
 less visible. 59 

In sum
m

ary, our results show
 that variables during a sedim

ent test, such as O
M

 content, 
tim

e and added invertebrate species, affected functional endpoints, such as the abundance 

reducing bacteria and bacteria capable of hydrolyzing organophosphate com
pounds. 

A
dditional tests w

ill be needed to determ
ine w

hether the effects found here w
ith respect 

generalized to other chem
icals.



Chapter 4

M
O

L
E

C
U

L
A

R
 A

S
S

E
S

S
M

E
N

T
 O

F
 B

A
C

T
E

R
IA

L
 C

O
M

M
U

N
IT

Y
 D

Y
N

A
M

IC
S

 A
N

D
 F

U
N

C
T

IO
N

A
L

 
E

N
D

P
O

IN
T

S
 D

U
R

IN
G

 S
E

D
IM

E
N

T
 B

IO
A

C
C

U
M

U
L

A
T

IO
N

 T
E

S
T

S

121

(F
igure S6). C

ontrol and spiked sedim
ent differed m

ost at the beginning of the pre-

period (F
igure S6). H

ow
ever, it seem

s unlikely that P
C

B
s spiked into the sedim

ent could 

com
m

unities in the control and spiked sedim
ent w

ould differ already after a single day of 
m

ixing. P
revious w

ork show
ed effects of P

C
B

s on structure, com
position and function 

of m
icrobial com

m
unities in sedim

ent and soil, how
ever, after a m

uch longer tim
e (1-8 

m
onths). 61,62 T

herefore, differences betw
een control and spiked sedim

ent at the start of 

com
ponents had been m

ixed for one day. B
acterial com

m
unity appeared to develop in 

a sim
ilar w

ay over tim
e in spiked and control sedim

ent, w
ith com

m
unity structure of 

both treatm
ents being very sim

ilar at the last tw
o sam

pling dates. N
o m

ajor difference 

(F
igure S6).

bioaccum
ulation experim

ent, containing low, m
edium

 and high concentrations of O
M

, 
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potential changes in m
icrobial com

m
unity structure than is possible by D

G
G

E
 analysis. 

P
roteobacteria w

as the m
ajor bacterial phylum

 present 

period (t=
-69 d), sedim

ent containing low
 and m

edium
 O

M
 content show

ed a sim
ilar 

relative abundance of P
roteobacteria, w

hich w
as higher than that in high O

M
 sedim

ent. 
Sim

ilar relative abundance w
as also observed for the phyla A

cidobacteria and A
ctinobacteria, 

how
ever, sedim

ent w
ith high O

M
 content presented a higher relative abundance of 

these groups. T
he phylum

 B
acteroidetes w

as present at higher relative abundance in low
 

O
M

 content sedim
ent, w

hereas F
irm

icutes w
ere observed only in the high O

M
 content 

abundance of different bacterial phyla in peat. For exam
ple, the fact that F

irm
icutes w

ere 
observed only in sedim

ent w
ith high O

M
 content suggests that this bacterial phylum

 
represents only a m

inor com
ponent in the peat-associated m

icrobial com
m

unity. 

A
N

O
SIM

 (un-w
eighted U

niFrac R
=

0.85, p=
p=

0.001). 
P

roteobacteria 
w

as sim
ilar to the initial level observed for sedim

ent sam
ples w

ith low
 and m

edium
 

O
M

 content, w
hereas the sedim

ent w
ith high O

M
 content show

ed a higher relative 
abundance com

pared to its initial value. A
cidobacteria, A

ctinobacteria, W
P

S-2, P
lanctom

ycetes 
and F

irm
icutes

w
hereas B

acteroidetes

p=
0.005; w

eighted 
U

niFrac R
=

0.16, p>
richness (i.e. num

ber of O
T

U
s) as w

ell as diversity, as indicated by the Shannon index 
(F

igure S7), w
ere consistently higher for sedim

ent sam
ples at the beginning of the pre-

bioaccum
ulation test w

hereas for m
edium

 O
M

 the diversity w
as sim

ilar betw
een t=

0 
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there w
ere no differences in bacterial diversity betw

een the test species but there w
as 

P
roteobacteria w

as still the m
ost abundant 

B
acteroidetes’ relative 

abundance increased in all sedim
ent sam

ples collected at the end of the bioaccum
ulation 

T
able S10, S11). T

he relative abundance of F
irm

icutes had also increased by the end of 
A

cidobacteria and A
ctinobacteria relative abundances at 

S10, S11). B
acterial com

m
unity com

position of all sam
pling points w

as com
pared 

using P
C

oA
 analysis and un-w

eighted and w
eighted U

niFrac distances (F
igure 4), w

hich 
show

ed grouping of sam
ples according to tim

e rather than to O
M

 content, especially 
for un-w

eighted U
niFrac (A

N
O

SIM
, un-w

eighted U
niFrac R

=
0.81, p=

0.001; w
eighted 

U
niFrac R

=
0.74, p=

0.001). H
ow

ever, w
hen only com

paring sam
ples taken at the end 

low
 and m

edium
 O

M
 content w

as observed, indicating that O
M

 content had a direct 

in the pore w
ater, w

hich in turn depend on O
M

 content (F
igure 4) (A

N
O

SIM
, un-

p=
p=

0.007). 
P

C
oA

 

com
position than invertebrate species, especially for w

eighted U
niFrac (F

igure 4). 

bioaccum
ulation test, reaching sim

ilar diversity values observed at the beginning of the 

pattern (F
igure S7).

E
stablishing a direct link betw

een bacterial com
m

unity com
position observed in the 

m
ediated ecosystem

 functions, including those targeted here, are often perform
ed by 

P
IC

R
U

St.
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genom
es related to organism

s found in this study in the underlying database. T
herefore, 

w
ith a certain sedim

ent sam
ple, either a m

etagenom
ics or m

etatranscriptom
ics study 

expressed genes. 64-67 
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T
his study show

ed that m
icrobial com

m
unities changed as a function of tim

e and as a 
function of organic m

atter content. E
ffects of invertebrate species, how

ever, w
ere only 

detected for tw
o genes (am

oA
 and nosZ

). O
M

 content m
ore strongly affected bacterial 

dynam
ics than invertebrate species. T

he treatm
ent w

ith m
edium

 O
M

 content had the 
highest gene abundance, and in the light of ecological relevance thus is to be preferred 
in standard sedim

ent tests, w
hich m

atches the recom
m

endation by the O
E

C
D

 to use 

for persistent hydrophobic chem
icals w

ith slow
 sorption kinetics. W

ith the introduction 
of invertebrate species in the test system

, bacterial biodiversity increases, w
hich m

ight 
change the dynam

ics of the m
icrobial com

m
unity already present. Invertebrate species 

m
ight as w

ell directly contribute to m
icrobial com

m
unity dynam

ics by rew
orking of the 

sedim
ent via e.g. bioturbation and feeding on bacteria.

W
e show

ed that during a bioaccum
ulation experim

ent in an O
E

C
D

 set up, the bacterial 
diversity and com

m
unity com

position as w
ell as functional endpoints such as: the 

sulphate-reducing 
bacteria 

and 
bacteria 

capable 
of 

hydrolyzing 
organophosphate 

(a) for functions that affect chem
ical exposure, like in the present case the ability to 

hydrolyze organophosphate com
pounds and (b) for functions that affect the w

ater 

can affect the outcom
es of the tests for the target species in an unpredictable m

anner 

set up w
ithout invertebrates could be used to assess m

icrobial endpoints from
 w

hich 
com

m
unity level dose response relationships could be derived. For instance, a standard 

inoculum
 could be applied to standard sedim

ent, after w
hich com

m
unity com

position 
and gene abundance patterns are assessed as a function of chem

ical dose. In term
s of 

ecological relevance, how
ever, having a m

ixed species system
 that includes m

icrobes as 
w

ell as invertebrates rem
ains closer to reality.
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E
hrenstorfer, G

erm
any. For O

E
C

D
 sedim

ent peat from
 K

lasm
ann D

eilm
ann B

enelux 

m
m

, E
urogrid, T

he N
etherlands and kaolin from

 Sigm
a A

ldrich, G
erm

an w
as used.

m
easured w

ith a H
ach (H

Q
40d) portable m

ulti-m
eter using the L

um
inescent D

issolved 

(P
H

C
 101) or pH

 m
eter (SG

8-E
L

K
) by M

ettler Toledo (bioaccum
ulation experim

ent, 

w
ere m

easured w
ith the am

m
onium

 cell test by M
erck w

ith a range of 0.20 - 8.00 
m

g/l N
H

4-N
 and nitrite concentrations w

ith the colorim
etric nitrite test by M

erck w
ith 

a range 0.025-0.5 m
g/L

 N
O

2-. P
hytoplankton concentrations (µg/L

) w
ere m

easured 

m
easured w

ith a turbidity m
eter (T

N
100; E

utech instrum
ents).

E
xtraction and analysis follow

ed previously published procedures. 68 W
ater sam

ples 

sam
ples w

ere extracted using C
18 E

m
pore disks. 200 µL

 of internal standard solution 
(P

C
B

112, 80 ng/m
L

) w
as added to 200 m

L
 of sam

ple after w
hich the sam

ple w
as 

sam
ples w

ere concentrated to 200 µL
 and transferred to sam

ple vials for analysis.

Invertebrate analysis used m
ixed sam

ples of surviving individuals per treatm
ent. B

iota, 

and extracted by soxhlet extraction using a m
ixture of pentane/dichlorom

ethane 
(50:50 v/v). Internal standard solution (1 m

L
) (P

C
B

112, 80 ng/m
L

) w
as added to each 

sam
ple. For biota sam

ples, half of the extract w
as dried to gravim

etrically determ
ine 

the fat content. E
xtracts w

ere then concentrated to 2 m
l using a rotavap (H

eidolph) 

concentrated to 1 m
L

 for sedim
ents and 0.5 m

L
 for the biota sam

ples under a gentle 
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Sedim
ent organic m

atter content w
as determ

ined gravim
etrically after drying at 550 °C

 
for 2 hours.

A
nalytical procedures w

ere published before (e.g. 68). Invertebrate, sedim
ent, w

ater and 

Q
P

2010 U
ltra (M

S) detector (Shim
adzu‘s H

ertogenbosch, the N
etherlands). C

olum
n 

perform
ed using E

lectron Im
pact (E

I) in single ion m
onitoring (SIM

) m
ode. Injection 

port and source tem
peratures w

ere 250 and 200 °C
 respectively. O

ven tem
perature 

by an increase by 2.5 °C
/m

in to 292. A
t the end of the program

, a colum
n w

as heated 

w
ere below

 <
1 ng/L

.
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(min-max) for the bioaccumulation test for systems with and without enclosure over the 28d experimental period. 

DO 
(mg/L)

Range
(mg/L)

Salinit
y (‰) 

Range 
(‰)

Cond 
(mS/m)

Range 
(mS/m)

pH Range Temp 
(°C)

Range 
(°C)

Ammo
nium 
(mg 

NH4-N
/L)

Range 
(mg NH4-

N /L)

9.00
(0.66)

4.18-
9.87

34.4 
(0.4)

33.4-
35.7

40.4 
(0.7)

29.6-41.9 8.09
(0.32)

7.15-
9.95

12.8 (0.2) 12.4-
14.1

1.85
(2.07)

0.1-10.14

9.39
(0.43)

7.16-
9.94

34.4 
(0.5)

33.5-
35.3

40.7 
(0.48)

40.1-42.0 8.07
(0.10)

7.89-
8.32

13.2 (0.2) 12.9-
13.6

2.60
(2.25)

0.1-6.73

* Values outside detection range were not used for calculation.

Cyanobacteria 
(µg/L)

Range 
(µg/L)

Green algae 
(µg/L)

Range 
(µg/L)

Diatoms 
(µg/L)

Range 
(µg/L)

Turbidity 
(NTU)

Range 
NTU)

Test 3 0.25 (0.23) 0-1.39 0.18 (0.30) -1.72 0.78 (0.99) 0.27-3.44 7.04 (6.61) 0.86-30.1

Test 3 mixed 0.27 (0.11) 0.05-0.5 0 0-0 0.71(0.31) 0.32-1.33 81.72 (114.65) -302.00

* Values outside detection range were not used for calculation.

systems with and without enclosure over the 28d experimental period.

Cyanobacteria 
(µg/L)

Range 
(µg/L)

Green algae 
(µg/L)

Range 
(µg/L)

Diatoms 
(µg/L)

Range 
(µg/L)

Turbidity 
(NTU)

Range 
(NTU)

0.25 (0.23) 0-1.39 0.18 (0.30) 0-1.72 0.78 (0.99) 0.27-3.44 7.04 (6.61) 0.86-30.1

0.27 (0.11) 0.05-0.5 0 0-0 0.71(0.31) 0.32-1.33 81.72 (114.65) 1.05-302.00
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Total bacteria nifH amoA

Time OM 
content

Species Average 
(copies/g 

wet 
sediment) 

SD Average 
(copies/g 

wet 
sediment)

SD % of total 
abundance

Average 
(copies/g wet 

sediment)

SD % of total 
abundance

-69 Low 1.24E+07 3.85E+03 0.03 BDLa

-69 Medium 1.09E+07 4.80E+06 2.21E+04 1.73E+04 0.20 2.51E+02 1.53E+02 0.0023

-69 High 7.75E+06 3.71E+06 2.66E+04 2.08E+04 0.34 2.71E+02 1.52E+02 0.0035

0 Low 3.49E+07 2.06E+07 3.00E+04 1.66E+04 0.09 3.37E+01 0.0001

0 Medium 1.52E+08 8.53E+06 7.67E+04 9.78E+03 0.05 7.47E+02 2.06E+02 0.0005

0 High 2.48E+07 4.66E+06 4.89E+03 4.44E+03 0.02 5.46E+01 1.31E+01 0.0002

0 Pure peat 2.54E+07 2.23E+07

35 Low Arenicola marina 1.24E+08 1.92E+08 1.99E+04 2.84E+04 0.02 1.33E+03 1.90E+03 0.0011

35 Low Nereis virens 5.03E+08 3.58E+08 5.91E+04 4.46E+04 0.01 1.47E+04 1.03E+04 0.0029

35 Low Macoma balthica 3.96E+08 2.12E+08 6.74E+04 4.56E+04 0.02 1.72E+04 1.27E+04 0.0043

35 Low Corophium volutator 2.47E+08 2.14E+08 2.87E+04 2.16E+04 0.01 8.83E+03 5.14E+03 0.0036

35 Medium Arenicola marina 3.24E+08 4.29E+07 9.22E+04 5.40E+04 0.03 2.46E+03 1.21E+03 0.0008

35 Medium Nereis virens 5.54E+08 2.70E+08 9.27E+04 2.94E+04 0.02 5.81E+03 2.50E+03 0.0010

35 Medium Macoma balthica 6.59E+08 3.39E+08 8.48E+04 2.08E+04 0.01 1.46E+04 2.10E+04 0.0022

35 Medium Corophium volutator 4.94E+08 2.81E+08 1.43E+05 1.78E+05 0.03 6.49E+03 5.48E+03 0.0013

35 Medium Mixed species 3.52E+08 6.73E+07 1.35E+05 5.75E+04 0.04 7.42E+03 3.35E+03 0.0021

a BDL=Below Detection Limit. a BDL=Below Detection Limit.
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Table S5 continued. 

nosZ dsrA opd

Time OM 
content

Species Average 
(copies/g 

wet 
sediment)

SD % of total 
abundance

Average 
(copies/g 

wet 
sediment)

SD % of total 
abundance

Average 
(copies/g

wet 
sediment)

SD % of total 
abundance

-69 Low BDLa
BDL BDL

-69 Medium BDL BDL BDL

-69 High 1.01E+04 6.01E+03 0.13 BDL BDL

0 Low BDL BDL BDL

0 Medium 1.37E+06 1.31E+05 0.90 2.33E+03 7.68E+02 0.002 BDL

0 High 3.77E+03 0.02 BDL BDL

35 Low Arenicola marina 7.20E+05 1.31E+06 1.56E+04 2.45E+04 3.96E+04

35 Low Nereis virens 5.43E+06 3.89E+06 0.58 2.28E+05 3.49E+05 0.01 6.82E+04 3.52E+04 0.032

35 Low Macoma balthica 7.84E+06 4.95E+06 1.08 2.09E+05 1.44E+05 0.05 1.22E+05 9.16E+04 0.014

35 Low Corophium volutator 4.38E+06 3.37E+06 1.98 2.56E+04 2.00E+04 0.05 3.00E+04 1.58E+04 0.031

35 Medium Arenicola marina 4.26E+06 2.33E+06 1.77 7.63E+05 2.54E+05 0.01 3.76E+04 2.56E+04 0.012

35 Medium Nereis virens 5.60E+06 3.15E+06 1.31 6.68E+05 2.57E+05 0.24 2.71E+04 1.56E+04 0.012

35 Medium Macoma balthica 9.59E+06 2.09E+06 1.01 4.72E+05 3.07E+05 0.12 1.13E+05 1.45E+05 0.005

35 Medium Corophium volutator 4.91E+06 1.99E+06 1.46 9.21E+05 1.27E+06 0.07 4.60E+04 3.06E+04 0.017

35 Medium Mixed species 3.38E+06 1.61E+06 0.99 2.98E+06 4.86E+05 0.19 2.29E+04 8.99E+03 0.009

a BDL=Below Detection Limit.a BDL=Below Detection Limit.
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Table S6. Overview of gene abundance in natural marine sediment. 

Sediment Abundance (min - max) Unit Remarks Refs This study 
(min-max)

16S Marine 2x107 - 3x109 copies/g wet sediment Assumptions: 3.6 copies per cell. Density of 
sed 1.7 g/cm3 47. No EMA treatmenta

48
7.8x106 –
6.6x108

16S Marine 4.7x107 - 2.6x109 copies/g wet sediment Assumptions: 3.6 copies per cell 49

amoA
Salt 

marsh
5.6x104 - 1.3x106 copies/g wet sediment 53 3.4x101 –

1.7x104
amoA (AOB) Marine 6.55×104 - 3.26×107 copies/g sediment 50

nifH (group NB3) Marine 1.5x106 - 1.5x108 copies/g sediment 51 3.9x103 –
1.4x105nifH (group NB7) Marine 1X106 - 1.5x108 copies/g sediment 51

dsrA (distribution 
of SRB)

Marine 1.7x106 - 2.8x108 copies/g wet sediment Assumptions: 1 copies per cell. Density of 
sediment 1.7 g/cm3 47. No EMA treatmenta

48
2.3x103 –
3.0x106dsrA (distribution 

of SRM)
Marine 8x105 (min) 5.1x107 (mean) copies/g wet sediment Assumptions: 1 copies per cell 49

nosZ Estuarine 
wetland 

1.9x106 - 2.9x107 copies/g dry soil Assumption: fraction of water 0.9 (in first 1 
cm)

52 3.8x103 –
9.6x106

a Ethidium monoazide (EMA) is a specific treatment to avoid the qPCR quantification of dead cells or free DNA.

Total abundance nifH amoA dsrA Shannon

t p t p t p t p t p t p

Low (5) 3.642 0.015 (5) 1.245 0.268 (3) 1.363 0.266 -8.343 0.000

Medium (3.018) 4.063 0.027 (5) 1.028 0.351 (5) 1.652 0.159 (3.060) 6.043 0.009 (5) - 0.01 -1.089 0.352

a 

detection limit. Values between brackets show degrees of freedom. Reported p values are two-tailed and significant values are shown in bold. 

Total abundance nifH amoA nosZ dsrA Shannon

t p t p t p t p t p t p

Low 
OM

(5) 3.642 0.015 (5) 1.245 0.268 (3) 1.363 0.266 -8.343 0.000

Medium 
OM

(3.018) 4.063 0.027 (5) 1.028 0.351 (5) 1.652 0.159 (3.060) 6.043 0.009 (5) -
3.999

0.01 -1.089 0.352
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significant.

Total abundance1 nifH2 amoA6 nosZ1 dsrA2 pd6 Shannon1

F p X2 p F p F p X2 p F p F p

OM (1, 24) 
4.424

0.046 (1) 
7.2253

0.007 (1, 22) 
0.000

0.995 (1, 22) 
1.546

0.227 (1) 
14.9463

0.000 (1, 15) 
0.292

0.597 (1, 24) 
7.607

0.011

Species (3, 24) 
2.605

0.075 (3) 
3.5884

0.31 (3,22) 
3.525

0.032 (3, 22) 
4.876

0.010 (3) 
4.3674

0.224 (3, 15) 
0.68

0.578 (3, 24) 
1.119

0.361

OM x 
Species

(3, 24) 
0.286

0.835 (3) 
0.7285

0.867 (3, 22) 
0.894

0.460 (3, 22) 
0.361

0.782 (3) 
2.1845

0.535 (3,15) 
0.368

0.777 (3, 24) 
1.123

0.360

1Analyese were done with a two way-ANOVA. 

Total abundance1 nifH2 amoA1 nosZ1 dsrA3 Opd2

p t p t p t p X p t p

(6) 1.661 0.148 (6) -0.887 0.409 (6) -0.013 0.990 (6) 2.421 0.052 (1) 0.333 0.564 (6) 1.552 0.172

1Analyese were done with a two way-ANOVA.
2nifH and dsrA were analyzed with the Kruskal-Wallis test, tests were done for difference in OM , differences in species at low OM4 and medium OM5.
6amoA and opd were log transformed to meet the normality assumption.

Total abundance1 dsrA3 pd2

t p t p t p t p X2 p t p

(6) 1.661 0.148 (6) -0.887 0.409 (6) -0.013 0.990 (6) 2.421 0.052 (1) 0.333 0.564 (6) 1.552 0.172
1Analyese were done with the independent t-test.1Analyese were done with the independent t-test.

2nifH was log transformed to meet the normality assumption.
dsrA was analyzed with the Kruskal-Wallis test.
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the end of bioaccumulation test (t=35 d). All phyla contributing to less than 1% of the total bacteria were grouped as ‘Other’.

Bacterial 
phyla

Low OM 
Aronicola

Low OM 
Corophium

Low OM 
Macoma

Low 
OM 

Nereis

Medium 
OM 

Aronicola

Medium 
OM 

Corophium

Medium 
OM 

Macoma

Medium 
OM 

Nereis

Medium
OM All 
animals

Proteobacteria 71.7 70 71.8 67.6 64.5 62.9 63.5 59.5 65.4

Bacteroidetes 25.2 24.5 23.7 26.3 32.8 31.4 31.4 37 30.4

Firmicutes 0.6 2.7 2.3 0.8 0.9 3.4 2.3 1.3 0.8

Acidobacteria 0.3 0.4 0.2 0.3 0.4 0.5 0.3 0.5 0.5

Actinobacteria 0.3 0.4 0.2 0.2 0.7 1.2 0.7 0.8 0.7

Fusobacteria 0.3 0 0 2.5 0.1 0 0 0.1 1.4

Planctomycetes 0.2 0.1 0.2 0.5 0.1 0.2 0.7 0.2 0.2

Other 1.4 1.7 1.6 1.8 0.4 0.4 0.8 0.6 0.5
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T
he m

ain objective of the present study w
as to assess the ecological im

pacts of the 

µg/L
 for 7 consecutive days in 600-L

 outdoor m
icrocosm

s in T
hailand. T

he ecosystem
-

zooplankton, phytoplankton, periphyton and bacteria) and tw
o functional (organic 

m
atter decom

position and nitrogen cycling) endpoint groups for 4 w
eeks after the 

related effects on the invertebrate and prim
ary producer com

m
unities and on organic 

the structure of leaf-associated bacterial com
m

unities at the highest treatm
ent level, 

and reduced the abundance of am
m

onia-oxidizing bacteria and am
m

onia-oxidizing 
archaea in the sedim

ents, w
ith calculated N

O
E

C
s of 10 and <

1 µg/L
, respectively. T

he 

treatm
ent level, and nitrate production w

as decreased, indicating a potential im
pairm

ent 

to result in direct or indirect toxic effects on the invertebrate and prim
ary producer 



Chapter 5

E
F

F
E

C
T

S
 O

F
 T

H
E

 A
N

T
IB

IO
T

IC
 E

N
R

O
F

L
O

X
A

C
IN

 O
N

 T
H

E
 E

C
O

L
O

G
Y

  
O

F
 T

R
O

P
IC

A
L

 E
U

T
R

O
P

H
IC

 F
R

E
S

H
W

A
T

E
R

 M
IC

R
O

C
O

S
M

S

or indirectly, by leaching and runoff of agricultural soils am
ended w

ith m
anure from

 
livestock facilities (Ternes et al., 2004, Sarm

ah et al., 2006 and R
ico et al., 2014). O

ver 
the last few

 years, a considerable am
ount of w

ork has been done on assessing the 

that m
easured w

ater concentrations are, in m
ost cases, relatively low

 (i.e. from
 0.001 

µg/L
 to about 10 µg/L

) (K
üm

erer, 2009). A
cute and chronic laboratory studies suggest 

invertebrates at environm
entally relevant concentrations (R

obinson et al., 2005 and 
Park and C

hoi, 2008). H
ow

ever, several experim
ents indicated that cyanobacteria and 

non-phototrophic m
icrobial com

m
unities could be affected by antibiotic pollution at 

concentrations that are orders of m
agnitude low

er than the threshold concentrations 
derived from

 toxicity data for standard test species (M
aul et al., 2006, E

bert et al., 

cyanobacteria could affect the com
m

unity structure of prim
ary producers, w

hich m
ight 

propagate to prim
ary and secondary consum

ers (R
ico et al., 2014). F

urtherm
ore, the 

disruption of im
portant ecosystem

 processes such as organic m
atter m

ineralization 

effects of antibiotics on ecological interactions is still very lim
ited and, therefore, 

further research needs to be undertaken to assess the potential side effects of antibiotics 

system
s. 

M
odel ecosystem

 studies (i.e., m
icrocosm

s and m
esocosm

s) have been used in the risk 
assessm

ent of pesticides and veterinary m
edicines since they provide m

ore ecological 

ecosystem
s is very lim

ited, and all of them
 have been perform

ed under tem
perate 

clim
atic conditions (e.g. W

ilson et al., 2004, K
napp et al., 2005 and M

aul et al., 2006). 
R

ecent m
onitoring studies have detected antibiotic residues in several rivers im

pacted 
by urban and intensive anim

al production in (sub-)tropical regions of A
sia (Y

ang et 

attention. 
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T
he m

ain objectives of the present study w
ere (i) to get a better understanding on 

the potential direct and indirect toxic effects of antibiotic pollution on tropical 

the risk assessm
ent of antibiotics, and (iii) to assess w

hether the use of threshold 

zooplankton, phytoplankton, periphyton and bacteria) and tw
o functional (organic 

m
atter decom

position and nitrogen cycling) endpoint groups in outdoor freshw
ater 

w
as applied in daily pulses for a period of 7 days to eutrophic m

icrocosm
s, sim

ulating 

activity against a broad spectrum
 of (G

ram
-positive and G

ram
-negative) bacteria and is 

believed to act by inhibiting bacterial D
N

A
 gyrase or topoisom

erase IV, thus preventing 
bacterial D

N
A

 synthesis and reproduction (H
ooper, 1999). U

nder environm
ental 

2005), w
hich is an antibiotic that has been listed as critically im

portant for its use in 

on clinically relevant bacteria and the developm
ent of antibiotic resistance (Suzuki and 

H
oa, 2012), and therefore the assessm

ent of their degradation and transform
ation under 
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T
he present experim

ent w
as perform

ed in ten outdoor m
icrocosm

s at the Faculty of 
F

isheries of K
asetsart U

niversity (K
U

, B
angkok, T

hailand). E
ach m

icrocosm
 consisted 

of a P
V

C
 tank (top diam

eter: 122 cm
; bottom

 diam
eter: 101 cm

; total depth: 80 cm
; w

ater 

and tap w
ater pre-stored for 1 w

eek to allow
 dissipation of possible chlorine residues. 

A
n aeration system

 w
as installed in each m

icrocosm
 in order to provide m

ixing of the 
w

ater during the experim
ental period. T

he experim
ent w

as perform
ed during M

arch 
and A

pril 2012 (dry season). T
he w

eather conditions during the experim
ental period 

W
eather Station, B

angkok, T
hailand). T

he m
icrocosm

s w
ere stocked w

ith plankton and 
m

acroinvertebrates collected from
 freshw

ater outdoor tanks located at the O
rnam

ental 
F

ish Facilities of K
U

, from
 a w

ater reservoir at K
U

, from
 the w

ater canal located at the 
A

sian Institute of Technology (A
IT, B

angkok, T
hailand) described in D

aam
 and V

an 
den B

rink (2011), and from
 outdoor freshw

ater tanks located at the hatchery of the 
A

IT. T
hese sam

pling sites w
ere selected because they w

ere uncontam
inated sources 

that show
ed a relatively high biodiversity of phytoplankton and invertebrates native to 

T
hailand. T

he stock of the m
acroinvertebrates w

as m
ade up by distributing the sam

e 
num

ber of anim
als into each m

icrocosm
, and the stock of plankton by introducing 

and m
acroinvertebrate com

m
unities w

ere allow
ed to establish them

selves for a period 
of 4 w

eeks prior to the application of the test substance. D
uring this period, w

ater 
w

as exchanged betw
een m

icrocosm
s biw

eekly in order to hom
ogenize the structure of 

the com
m

unities betw
een the system

s. N
itrogen (1.4 m

g/L
 as urea) and phosphorus 

(0.18 m
g/L

 as triple super phosphate) w
ere added biw

eekly to the system
s according to 

the recom
m

endations provided by D
aam

 and V
an den B

rink (2011) during the entire 
experim

ental period. T
he resulting experim

ental system
s w

ere plankton dom
inated 

m
ay be contam

inated by antibiotic residues.

nom
inal concentration of 1, 10, 100 and 1000 µg a.i./L

 during a period of seven days 
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in duplicate replicated treatm
ents, w

hile the rem
aining tw

o m
icrocosm

s w
ere used as 

dose solutions w
ere poured over the w

ater surface of the m
icrocosm

s and m
ixed by 

stirring w
ith a w

ooden stick.

last application, and 7 days after the last application. D
epth-integrated w

ater sam
ples 

(500 m
L

) w
ere collected w

ith a Perspex tube and stored in the fridge (4 °C
) for a 

m
axim

um
 period of 24 h until analysis.

sub-sam
ples of the cosm

 w
ater sam

ples in order to reach a concentration of 5 µg/L
. 

H
P

L
C

 Separation M
odule. T

he chrom
atographic separation w

as perform
ed by m

eans 

held for 5 m
in. Sam

ple injection volum
es w

ere 20 µL
. T

he detection w
as perform

ed by 

spectrom
eter w

ith the follow
ing conditions: ionization m

ode E
SI+

, capillary voltage of 

detection lim
it for both antibiotics in the w

ater sam
ples w

as 0.1 µg/L
. T

he calculated 
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concentrations in the cosm
 w

ater sam
ples w

ere corrected for the m
ethod recovery.

D
issolved oxygen (D

O
), pH

, electrical conductivity (E
C

) and tem
perature (T

) w
ere 

M
easurem

ents w
ere m

ade in the m
orning (at 8 am

) and at the end of the afternoon 
(around 6 pm

) at an approxim
ate w

ater depth of 10 cm
. D

O
, pH

 and T
 w

ere m
easured 

w
ith a H

Q
40d m

ultim
eter and E

C
 w

ith an E
C

-m
eter (E

ijkelkam
p 18.28).

A
lkalinity levels and the concentration of am

m
onia, nitrite, nitrate and total phosphorus 

w
ere m

easured in m
icrocosm

 w
ater sam

ples collected on the sam
e days as the other 

integrated w
ater sam

ple (1 L
) w

as collected w
ith a Perspex tube and stored at 4 °C

 until 
analysis. A

nalysis of the alkalinity and nutrient concentrations w
as perform

ed according 
to the m

ethods described in A
P

H
A

 (2005).

P
hytoplankton and zooplankton sam

ples w
ere taken on day 7 and 1 day before the start 

application. D
epth-integrated w

ater sam
ples of 5 L

 w
ere collected using a Perspex tube 

and w
ere passed through a plankton net w

ith a m
esh size of 20 µm

 for phytoplankton, 
and 55 µm

 for zooplankton. T
he 5 L

 w
ater sam

ples w
ere concentrated to an approxim

ate 

Sub-sam
ples (200 µL

) of the concentrated phytoplankton sam
ples w

ere analyzed w
ith 

practical level, and the species or genus densities w
ere calculated as the num

ber of 
individuals per litre of m

icrocosm
 w

ater. In addition, the chlorophyll-a content of the 
phytoplankton w

as used as a proxy for the phytoplankton biom
ass in the m

icrocosm
 

w
ater. For the analysis of the chlorophyll-a, 150 m

L
 of the m

icrocosm
 w

ater w
as 

sam
ples w

ere extracted according to the acetone extraction procedure described in 
A

P
H

A
 (2005).

C
ladocerans, ostracods and copepods w

ere counted in the concentrated zooplankton 
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w
as m

ade betw
een nauplii stages and the m

ore m
ature stages. O

stracods w
ere not further 

(e.g. W
ongrat, 2000 and Fernando, 2002).

T
he effects of the treatm

ent on the periphyton com
m

unity w
ere assessed by m

easuring 

periphyton w
as collected by scraping them

 (in 0.5 L
 of w

ater) until slides w
ere visually 

clean. T
he chlorophyll-a in the w

ater containing the scraped periphyton w
as m

easured 

glass slide w
as calculated by dividing the total chlorophyll-a content of the w

ater sam
ple 

by the area of the glass slide that w
as scraped.

T
he diversity and abundance of m

acroinvertebrate organism
s w

ere m
onitored by using 

the antibiotic treatm
ent. M

acroinvertebrates w
ere sam

pled 1 day before the start of the 

the invertebrates inhabiting the substrates. M
oreover, the net w

as passed through the 

surface in order to catch sw
im

m
ing m

acroinvertebrates. T
he collected invertebrates 

F
inally, the counted invertebrates w

ere released back into their original m
icrocosm

.

In order to study the effects of the antibiotic treatm
ent on m

icrobial organic m
atter 

decom
position, three litter bags containing approxim

ately 2 g of M
usa (banana) leaves 
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the banana leaves w
ere leached in tap w

ater for 2 days and dried in the oven at 70 °C
 for 

48 h. A
 know

n w
eight (approxim

ately 2 g) of the dried banana leaves w
as introduced 

into nylon bags (m
esh size: 0.5 m

m
). T

he litter bags w
ere suspended at an approxim

ate 

m
icrocosm

 on days 7, 14 and 28 after the start of the treatm
ent. T

he decom
posed 

m
aterial w

as dried at 70 °C
 for 48 h and w

eighted. T
he percentage of organic m

atter 
decom

position w
as calculated by com

paring the initial dry w
eight of the banana leaves 

period in the m
icrocosm

s.

C
hanges in bacterial com

m
unity structure present on leaf m

aterial and sedim
ent w

ere 
m

onitored after antibiotic application. M
usa leaves w

ere dried at 70 °C
 for 48 h and 

application. T
he nylon bags w

ere opened and leaves w
ere carefully transferred into 

plastic bags. P
lastic bags containing the leaf and sedim

ent m
aterial w

ere frozen at 
20 

°C
 until further analysis.

T
hree leaf discs (1 cm

 diam
eter) w

ere taken from
 every leaf sam

ple collected, and 
a sub-sam

ple of 2 g w
as collected from

 the sedim
ent sam

ples for m
icroorganism

 
analysis. L

eaf discs and sedim
ent sub-sam

ples w
ere subjected to total D

N
A

 extraction, 
using the FastD

N
A

®
 Spin kit for Soil (M

P
 B

iom
edicals, Santa A

na, C
A

) according 

isolated D
N

A
 w

ere checked by using a N
anodrop N

D
-100 spectrophotom

eter (T
herm

o 

(V
1 to V

2 region) by polym
erase chain reaction (P

C
R

). P
C

R
 products w

ere analyzed by 

using a D
C

ode U
niversal M

utation D
etection System

 (B
io-R

ad, H
ercules, C

A
) (M

uyzer 

gels w
ere silver-stained according to Sanguinetti et al. (1994) and scanned. F

inally, the 
B

ionum
erics softw

are version 4.61 (A
pplied M

aths, B
elgium

) (Tzeneva et al., 2008) w
as 
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analysis w
ere used to assess total operational taxonom

ic units (O
T

U
s), as proxy for 

bacterial richness, and the relative intensity of the present bands, as a proxy for relative 

rR
N

A
 gene), bacterial and archaeal am

m
onia oxidizers (am

oA
 gene) and nitrogen-

nifH

System
 (B

io-R
ad). A

ll sam
ples w

ere analyzed in triplicate, and reactions w
ere carried 

iQ
 SY

B
R

 G
reen super m

ix (B
io-R

ad), 0.4 µL
 of forw

ard and reverse prim
ers (10 

B
iocentre) and 4 µL

 of D
N

A
 (1.25 µg/m

L
). P

rim
er com

binations and cycle conditions 

products w
as checked by the observation of a single peak on the m

elting curve, w
hile 

reaction a standard curve com
prising 10 serial 10-fold dilutions of the target gene w

as 
created. Standards w

ere obtained by am
plifying the target genes from

 the follow
ing 

sources: E
scherichia coli (16S rR

N
A

 gene), N
itrososphaera viennensis (archaeal am

oA
 gene), 

N
itrosospira m

ultiform
is (bacterial am

oA
 gene) and P

seudom
onas stutzeri (bacterial nifH

 gene).

T
a
b

le
 1

T
a
rg

e
t g

e
n

e
P

rim
e
rs

C
y
c
le

 c
o

n
d

itio
n

s
R

e
fe
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c
e
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6
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param
eters, chlorophyll-a content of the phytoplankton and periphyton com

m
unity, 

organic m
atter decom

position data, and for all taxa of phytoplankton, zooplankton 
and m

acroinvertebrates. E
ffects w

ere considered to be consistent w
hen they show

ed 

consecutive sam
pling days or occurred on a single sam

pling day during or im
m

ediately 
after the treatm

ent period. T
he N

O
E

C
 calculations w

ere perform
ed by using the 

W
illiam

s test (W
illiam

s, 1972), w
hich assum

es a m
onotonic increasing effect w

ith 
increasing exposure dose. T

he W
illiam

s tests w
ere perform

ed w
ith the C

om
m

unity 

level of 0.05. P
rior to the analysis, the species abundance data and the O

T
U

’s R
A

 
dataset w

ere ln(A
x +

 1) transform
ed, w

here x stands for the abundance value and A
x 

m
akes 2 by taking the low

est abundance value higher than zero for x. T
his w

as done in 
order to dow

n-w
eigh high abundance values and approxim

ate a norm
al distribution of 

the data (for rationale see V
an den B

rink et al., 2000).

T
he phytoplankton, zooplankton and m

acroinvertebrate datasets w
ere analyzed by the 

principal response curve (P
R

C
) m

ethod (V
an den B

rink and Ter B
raak, 1999) using 

the C
A

N
O

C
O

 Softw
are package, version 5 (Ter B

raak and Šm
ilauer, 2012). T

he P
R

C
 

variation in species com
position betw

een replicate m
icrocosm

s from
 the exposure to a 

stressor by including the treatm
ent regim

e as explanatory variable, and the interaction 
betw

een the treatm
ent regim

e and the sam
pling tim

es as covariables. T
he overall 

(pdate w
as calculated by perform

ing single R
D

A
 perm

utation tests for the dataset of 
each sam

pling date separately using L
n-transform

ed treatm
ent concentrations as 

explanatory variable. F
inally, the N

O
E

C
 values at com

m
unity level w

ere calculated for 
each individual sam

pling date by applying W
illiam

s test to the sam
ple scores of the 

1996).

by R
D

A
s perform

ed for each sam
pling date separately using the L

n-transform
ed 
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treatm
ent concentrations as explanatory variables (M

onte C
arlo perm

utation test: 499 
perm

utations; p
constructed in order to graphically show

 the w
ithin treatm

ent variations. T
he P

C
A

 
and R

D
A

 analyses w
ere perform

ed using the C
A

N
O

C
O

 Softw
are package version 

5 (Ter B
raak and Šm

ilauer, 2012). B
acterial com

m
unity N

O
E

C
s w

ere calculated for 
each sam

pling date follow
ing the sam

e procedure as described above. T
he N

O
E

C
s 

for the total bacterial abundance, abundance of bacterial and archaeal am
oA

 gene, and 
abundance of the nifH

 gene w
ere calculated w

ith the W
illiam

s test (p
1972).

and a dissipation rate constant of 1.44 ±
 0.17 d

1 (m
ean ±

 standard deviation) 

application w
ere below

 the detection lim
it, except for the treatm

ent w
ith 100 and 1000 

µg/L
, w

hich w
ere 1.8 and 292 µg/L

, respectively. O
ne w

eek after the last application, 

w
ere approxim

ately 0.7, 7, 69 and 686 µg/L
, for the low

est to the highest treatm
ent 

of 1.1 and 40 µg/L
, respectively.
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during the experim
ental period. T

he w
ater tem

perature gradually increased after the 

control m
icrocosm

s ranged betw
een 4.1 in the m

orning, to concentrations above the 
oxygen saturation level in the afternoon (average m

orning value: 5.5 m
g/L

; average 

D
O

 concentrations dropped to critical levels (below
 2 m

g/L
) in som

e m
icrocosm

s. T
he 

average daily oxygen production in the control m
icrocosm

s (i.e., difference betw
een 

m
orning and afternoon concentration) w

as 8.4 m
g/L

, denoting a very high prim
ary 

productivity. A
 trend w

as observed tow
ards low

er D
O

 concentrations and low
er daily 

differences w
ith the control treatm

ent w
ere only calculated for the oxygen production 

m
icrocosm

s ranged betw
een 8.0 and 10.7. A

lthough a decrease in the pH
 w

as observed 
in the highest treatm

ent level (1000 µg/L
) during the treatm

ent period, deviations to the 
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(T
able 2 and F

ig. 2). T
he m

easured E
C

 and alkalinity levels during the w
hole experim

ental 
/L

 (m
ean, m

inim
um

–
m

axim
um

), respectively. N
o treatm

ent-related effects could be dem
onstrated for these 

tw
o param

eters during the experim
ental period (T

able 2 and F
ig. 2F

).

A
.

T
 a

m

C
.

D
O

 p
m

D
.

D
O

 p
ro

d
u

ctio
n

E
.

p
H

 p
m

F.
E

C
 p

m

B
.

T
 p

m
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 =
 increase, 

(1000 µg/L
) during the treatm

ent period, and one w
eek after the treatm

ent period (T
able 

considerably higher in the control treatm
ent sam

ples than in the rest of the treatm
ents 

the pre-treatm
ent and treatm

ent periods show
ed a high variability, w

ith considerably 
higher values in the control (0.4–0.5 m

g/L
) and in the low

est antibiotic treatm
ent 

visually associated to different periphyton or phytoplankton dom
inating states in the 

w
alls of the tanks generally show

ed low
er dissolved nitrate concentrations. A

 trend w
as 

observed tow
ards low

er nitrate concentrations in the highest treatm
ent level during 

the antibiotic application period although, due to the high variability observed in the 

the w
hole experim

ental period (average: 0.24 m
g/L

), and did not show
 any treatm

ent-
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A
.
A
m
m
o
n
ia

B
.
N
itrite

C
.
N
itra

te
D
.
C
h
lo
ro
p
h
y
ll-a

to 
5 

different 
taxonom

ic 
groups 

C
hlorophyceae 

(20 
taxa), 

C
yanobacteria 

(8), 

T
he phytoplankton com

m
unity w

as dom
inated by a lim

ited num
ber of taxa, and 

m
any occurred in low

 densities (<
1 individual/m

L
) and/or w

ere only observed on a 
lim

ited num
ber of sam

pling days (T
able S1). T

he m
ost abundant phytoplankton taxa in 

decreasing order w
ere: C

hlorella sp. (C
hlorophyceae) and C

oelastrum
 sp. (C

hlorophyceae). 
T

he total phytoplankton abundance in the controls considerably decreased after the 
pre-treatm

ent period, how
ever, the relative abundance of species rem

ained relatively 
constant (F

ig. S1).

T
he total taxa richness observed on day 14 w

as slightly higher in all treated m
icrocosm

s 

in one isolated sam
pling day and w

ere very sm
all (i.e., from

 11 taxa in controls to 
16 taxa in the 1000 µg/L

 treatm
ent level) and, hence, a clear dose–response effect 

m
icrocosm

s w
as relatively high, indicating a high prim

ary productivity in the system
s, 
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the phytoplankton com
m

unity (p
S
cenedesm

us 
species show

ed a higher abundance at the three highest treatm
ent levels com

pared to 
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as observed.
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p =

 0.05), but calculated N
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as higher than 1000 µg/L

.
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T
he periphytonic chlorophyll-a density in the control m

icrocosm
s ranged betw

een 2 
and 7 µg/dm

2 of glass slide (F
ig. S5B

). O
n average, chlorophyll-a contents increased on 

the chlorophyll-a content at any of the sam
pling dates.

T
he sam

pled zooplankton com
m

unity consisted of 20 R
otifera taxa, 6 C

ladocera taxa, 
2 C

opepoda taxa and 1 O
stracoda taxon. T

he m
ost abundant taxa belonged to R

otifera 
(i.e., B

rachionus angularis, F
ilinia longiseta, B

rachionus caudatus, H
ex

athra sp., P
loesom

a sp., 
, P

olyarthra vulgaris, and T
richocerca sp.) and C

opepoda (i.e., nauplii 
stages and cyclopoids) (T

able S2). T
he control m

icrocosm
s w

ere dom
inated by 

cyclopoid copepods, the rotifers P
loesom

a sp., P
. vulgaris, B

. angularis, and the cladoceran 
C

eriodaphnia 
reticulata. D

uring the experim
ental period, the relative abundance of 

C
opepoda, C

ladocera, and 
P

loesom
a 

sp., decreased. T
he num

bers of the 
B

rachionus 
rotifers increased sharply during the last 2 w

eeks of the experim
ental period, probably 

due to the increased w
ater tem

peratures, and resulted in a notable increase of the total 
zooplankton abundance (F

ig. S1).

treatm
ent on the zooplankton com

m
unity (p

w
ere calculated for 8 taxa, but only one species (C

. reticulata) show
ed a consistent response 

C
. reticulata

in the controls after the start of the treatm
ent. H

ow
ever, such differences w

ere already 

m
ajority of w

hich belonged to Insecta (11 taxa), follow
ed by M

ollusca (5) and A
nnelida 

M
icronecta sp., and N

otonectidae. T
he relative abundance of these three taxa in the 

control m
icrocosm

s rem
ained relatively constant during the experim

ental period. T
he 

total m
acroinvertebrate abundance w

as generally low
 in the pre-treatm

ent period and in 
the last 2 w

eeks of the experim
ental period (F

ig. S1).

T
he total m

acroinvertebrate taxa in all the treatm
ent levels slightly decreased during 

p
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of tw
o snail species (M

elanoides tuberculata and P
hysella acuta

on isolated sam
pling dates and the abundance of these species in the m

icrocosm
 

sam
ples w

as very low
 (F

ig. S4B,C
).

T
he decom

position of the M
usa

of the univariate analysis did not show
 treatm

ent-related effects on the percentage of 
decom

position in any of the sam
pling dates. It m

ust be noted, how
ever, that in som

e 
instances m

acroinvertebrates (e.g. C
hironom

idae) w
ere found to be feeding on the 

O
T

U
s and the R

A
 of O

T
U

s in the M
usa leaf sam

ples at the end of the treatm
ent period 

(day 7) and one w
eek after the antibiotic treatm

ent (day 14), w
ith calculated N

O
E

C
s 

total bacteria and the nifH
 gene abundance in the leaf sam

ples of the highest treatm
ent 

abundance of the bacterial and archaeal am
oA

A
.

R
A

 O
T

U
s lea

f sa
m

p
les (d

a
y
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B

.
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d
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e
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p
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T
he R

D
A

 analysis on the bacterial O
T

U
s in the sedim

ent sam
ples did not show

 any 
treatm

ent-related effects. T
he sedim

ent bacterial O
T

U
s’ R

A
 dataset only show

ed 

treatm
ent using the M

onte C
arlo perm

utation test, but the calculated N
O

E
C

 w
as 

am
oA

 gene abundance during and after the 
antibiotic treatm

ent, w
ith calculated N

O
E

C
s of 10 µg/L

 and below
 1 µg/L

 for the 

nifH
 gene abundance w

as only observed at the 
highest treatm

ent level on the sedim
ent sam

ples collected 1 w
eek after the antibiotic 

A
.

B
a

c
te

r
ia

l a
m
o
A

B
.

A
r
c
h

e
a

l a
m
o
A

*
*

 *
*

 



C
H

A
P

T
E

R
 5

172

antibiotics from
 surface w

aters (C
ardoza et al., 2005 and K

napp et al., 2005). K
napp 

different light conditions (i.e., full-light exposure, partial shading, and alm
ost com

plete 
shading) in a m

esocosm
 experim

ent perform
ed during autum

n in K
ansas (U

SA
). 

m
esocosm

s w
ith full-light exposure w

as slightly higher than the value calculated in our 
experim

ent (D
T

50 =
 11.7 h), suggesting that tropical environm

ental conditions favour 

photodegradation.

In our experim
ent, the phytoplankton com

m
unity and the biom

ass of the established 

L
aboratory toxicity studies have reported short-term

 grow
th inhibition E

C
50 values for 

M
icrocystis 

aeruginosa and 
P

seudok
irchneriella 

subcapitata and D
esm

odesm
us subspicatus) (R

obinson et al., 2005 and E
bert et al., 2011). 

W
ilson et al. (2004) found a concentration-dependent reduction in the abundance and 

species richness of phytoplankton, w
ith cyanobacteria and cryptophyta/dinophyta 

being the m
ost affected populations, in m

icrocosm
s that w

ere chronically exposed 
to a m

ixture of four tetracycline antibiotics, w
hich have a sim

ilar toxicity to prim
ary 

effects observed by W
ilson et al. (2004) 7 days after the start of the treatm

ent period 
occurred in the m

icrocosm
s that w

ere exposed to an antibiotic concentration that w
as 

the overall phytoplanktonic com
m

unity structure, how
ever, such trend could not be 

com
m

unity in our experim
ent could be related to the high w

ater pH
 m

easured in 

m
icrocosm

s w
as rather alkaline (8.0–10.7). B

ased on the ionic com
ponent distributions 
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its anionic form
 during the experim

ental period. Several studies have dem
onstrated that 

the bioaccum
ulation and toxicity of ionizable organic substances decreases w

hen the 
m

olecule is in its ionized form
 (R

endal et al., 2011 and references therein). For exam
ple, 

Fahl et al. (1995) found that the toxicity of chlorsulfuron, an ionizable herbicide, on 
C

hlorella fusca grow
th w

as enhanced 25-fold by low
ering the pH

 of the grow
th m

edium
 

D
aphnia m

agna increased in w
aters w

ith low
er pH

. T
hus, studies aim

ed 

antibiotics on prim
ary producers, especially cyanobacteria, are recom

m
ended in order 

exposure under different pH
 ranges. A

nother potential explanation for the lack of 
effects on prim

ary producers resides in the dom
inance of C

hlorophyceae species and 
the variability observed in the occurrence and abundance of potentially sensitive taxa 
(cyanobacteria) in the studied m

icrocosm
s. D

aam
 and V

an den B
rink (2011) argued 

that the phytoplankton com
m

unity structure of tropical ecosystem
s largely depends 

on seasonally related w
eather conditions. A

nd cyanobacterial taxa, typically M
icrocystis, 

tends to dom
inate during situations of nutrient scarcity and/or light lim

itations, the 
latter m

ost com
m

only occurring during the rainy season. T
herefore, in order to better 

observe potential phytoplankton structure dam
ages by antibiotic exposure under 

during rainy season are recom
m

ended.

T
he analysis of the zooplankton and m

acroinvertebrate com
m

unities did not show
 a 

certain taxa w
ere observed, but w

ere isolated and did not show
 a concentration response 

relationship. A
cute toxicity studies w

ith freshw
ater cladocerans and m

acroinvertebrates 
show

 acute E
C

50 values higher than 50 m
g/L

 (Park and C
hoi, 2008 and R

ico et al., 

reproduction (Park and C
hoi, 2008) and life-history traits (M

artins et al., 2012) of 
D

aphnia m
agna found N

O
E

C
 values higher than the highest antibiotic concentration 

tested in our study. F
urtherm

ore, previous m
icrocosm

 experim
ents perform

ed in 
tem

perate regions have not been able to identify negative responses of invertebrate 
com

m
unities to environm

entally relevant antibiotic exposure concentrations (W
ilson 

et al., 2004 and M
aul et al., 2006). T

herefore, based on the available literature and the 

several m
icrogram

s per litre).
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reduced bacterial abundance at concentrations higher than 100 µg/L
, how

ever, little or 

differences betw
een the sensitivity of both bacterial com

m
unities could be related to 

differences in exposure patterns and characteristics of these bacterial com
m

unities. 

have been exposed to a gradient of antibiotic exposure concentrations (from
 higher 

concentrations in the top layer, to low
er concentrations in the bottom

 layers) and 
environm

ental conditions (from
 aerobic conditions in the top layer, to less aerobic or 

anaerobic conditions in the deeper layers). T
he higher richness of the sedim

ent bacterial 
com

m
unity com

pared to the leaf one (as show
n by the num

ber of O
T

U
s in the D

G
G

E
 

species due to the fact that D
G

G
E

 in general only allow
s to analyze populations 

m
icrocosm

s exposed to a single dose of 25 µg/L
, but suggested that effects could 

be m
ore prom

inent on organic m
atter surfaces, w

here prolonged exposures are m
ore 

likely, as show
n in our study. M

aul et al. (2006) dem
onstrated a shift in carbon source 

utilization of leaf-associated m
icrobial com

m
unities repeatedly exposed for 12 days 

on the leaf breakdow
n. T

herefore, w
e recom

m
end to include such endpoint in further 

m
icrocosm

 experim
ents w

ith antim
icrobial substances, but to low

er the m
esh size of 

interaction w
ith invertebrates.

O
ur study dem

onstrated that sedim
ent bacterial and archaeal am

m
onia oxidizers are 

the am
m

onia concentrations and a trend tow
ards inhibition of the nitrate form

ation 
during the antibiotic exposure period at 1000 µg/L

. Several studies have dem
onstrated 

1994 and N
ym

enya et al., 1999). N
ym

enya et al. (1999) estim
ated that am

m
onia 
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in nutrient concentrations observed at the highest treatm
ent level of our experim

ent. 
D

espite the reduction in sedim
ent-born am

m
onia oxidizing m

icroorganism
s that 

am
m

onia concentrations w
as only dem

onstrated for the m
icrocosm

s exposed to 
1000 µg/L

, returning to levels sim
ilar to controls w

ithin 2 w
eeks after the treatm

ent. 
T

his suggests that w
ater-living m

icroorganism
s (w

hich w
ere not evaluated) could have 

recovered faster than sedim
ent m

icroorganism
s (potentially due to a low

er exposure and 
dam

age), denoting a high resilience of the w
hole w

ater–sedim
ent m

icrobial com
m

unity 

than therapeutic concentrations (R
ico and V

an den B
rink, 2014).

of an antibiotic in tropical freshw
ater m

odel ecosystem
s. T

he experim
ental set-

up and m
ethodological approach follow

ed the recom
m

endations provided for the 
ecotoxicological assessm

ent of pesticides in tropical m
icrocosm

s (see D
aam

 and V
an 

den B
rink, 2011). H

ow
ever, w

e found som
e lim

itations that are w
orth to discuss in 

order to im
prove the m

ethodological approach for testing the ecological effects of 
antibiotics. For exam

ple, nutrient additions have been recom
m

ended in order to sustain 
the plankton-dom

inated status of tropical m
odel ecosystem

s (D
aam

 and V
an den 

B
rink, 2011). In our experim

ent, biw
eekly pulsed nutrient (nitrogen and phosphorus) 

applications w
ere perform

ed, w
hich could have m

asked the antibiotic effects on nitrogen 
transform

ation rates. In addition, aeration w
as constantly supplied to prevent tem

perature 

oxygen drops at night. W
e believe that such nutrient applications and aeration system

 
w

ere crucial to m
aintain the planktonic com

m
unities in such eutrophic system

s, but 
could have ham

pered the observation of effects on m
icrobial functional endpoints and 

ecosystem
 m

etabolism
 (e.g. nitrogen transform

ation, m
icrobial respiration and aerobic 

organic m
atter m

ineralization). T
his suggests that w

orst-case effects of antibiotics in 
ecosystem

 functional endpoints should be better evaluated in less eutrophic system
s 

and during the rainy season in w
hich, as discussed previously, solar radiation and w

ater 
tem

peratures are low
er and the dom

inance of sensitive cyanobacteria is m
ore likely. In 

m
icroorganism

s exposed to non-selective bacteriostatic com
pounds is also expected 
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to be higher, supporting the use of low
er tem

perature system
s to observe m

icrobial-
related effects.

w
ater w

as exchanged biw
eekly in order to hom

ogenize the m
icrocosm

s, how
ever, this 

turned out to be not enough to prevent differences in dom
inating periphyton and 

suspended algae taxa that com
peted for light and nutrients. W

e tried to avoid that 

antibiotic treatm
ent. H

ow
ever, after a few

 days the m
icrocosm

s often returned to their 

com
m

unities in the m
icrocosm

s (data not show
n) and increased the variability betw

een 
replicates, low

ering the pow
er of the statistical test. T

herefore, future experim
ents 

should try to provide intensive m
ixing during the w

hole pre-treatm
ent period (m

ore 

O
f all endpoints investigated in the current study, the abundance of bacterial and 

archaeal am
m

onia oxidizers w
as found to be the m

ost sensitive endpoint (N
O

E
C

s of 
10 and <

1 µg/L
, respectively). T

herefore, according to the results of this study, the 

protect the relative abundance of im
portant m

icrobial groups in sedim
ents. M

ost of 
the second-tier threshold concentrations derived from

 toxicity data for standard test 

w
hereas the threshold concentration derived from

 toxicity data for M
icrocystis aeruginosa 

(0.49 µg/L
) ensures the m

ost conservative protection for key sedim
ent m

icroorganism
s 

the lum
inescence inhibition test perform

ed w
ith the m

arine bacterium
 

, 

probably neither for m
icrobial-associated functions. A

ccording to the results of this 
study, an assessm

ent factor of at least 10 is recom
m

ended w
hen safe concentrations 

are calculated from
 m

edian H
C

5 values (hazardous concentration for the 5th sensitivity 
percentile of species) derived w

ith species sensitivity distributions (SSD
s) for prim

ary 
producers, including species of green algae and cyanobacteria (T

able 4).
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 m
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aguidelines for the environm
ental risk assessm

ent of veterinary m
edicinal products (V

IC
H

 2004). T
he assessm

ent factors 
for the bacteria IC

50 and for the H
C

5 for species assem
blages w

ere based on authors’ judgem
ent. 

b Park and C
hoi (2008). 

c R
obinson et al. (2005). 

d R
ico et al. (2014).

surface w
aters are below

 the µg/L
 range. Som

e studies, how
ever, have m

easured 

at least tem
porarily, the structure and function of bacterial and archaeal com

m
unities, 

particularly 
in 

sedim
ents, 

but 
not 

to 
directly 

affect 
algal 

prim
ary 

producers 
or 

invertebrates. O
ne of the aim

s of our experim
ent w

as to assess w
hether the effects 

of antibiotic pollution on m
icrobial com

m
unities and im

portant ecosystem
 functions 

could result in side-effects on prim
ary producers and invertebrates. T

his experim
ent 

did not suggest indirect effects at higher trophic levels, how
ever, the exposure period 

used in this study w
as relatively short, and the recovery of the ecosystem

 function 

exposure periods and using other antibiotics (if possible, w
ith higher environm

ental 
persistence) and under different environm

ental and biological conditions (w
ith low

er 
tem

peratures and w
ith higher dom

inance of cyanobacteria). Such experim
ents should 

accum
ulation in surface w

aters than invertebrates (A
rthur et al., 1987).
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T
he extensive use of antibiotics either to treat bacterial infections or as prophylactic 

m
easures in hum

an and veterinary m
edicine m

ay lead to serious environm
ental 

problem
s, including the developm

ent of bacterial resistance and the alteration of 

the relative abundance of m
ultiple antibiotic resistance genes in tropical freshw

ater 

days at a concentration of 10 and 1000 µg/L
. B

acterial com
m

unity com
position as w

ell 
as relative abundance of m

ultiple antibiotic resistance genes w
ere assessed on the last 

D
ecrease in the relative abundance of relevant bacterial taxa, such as A

cidobacteria, 
C

yanobacteria and N
itrospira w

ere observed. H
ow

ever, overall com
m

unity structure 

14. A
 treatm

ent-related effect w
as observed on the relative abundance of antibiotic 

abundance levels m
onitored for genes conferring resistance to other antibiotics. T

he 
m

ost notable increase in the abundance of resistance genes w
as observed for those 

related to am
inoglycoside antibiotics, w

hich can be co-selected by the toxic pressure 
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A
ntibiotics are com

pounds that can inhibit grow
th or kill bacteria, and their discovery 

order to treat and prevent various diseases in anim
als and plants (C

abello, 2006; Patricia et 
al., 2002). H

ow
ever, the extensive use of antibiotics to im

prove hum
an, anim

al and plant 

as high as therapeutic levels (B
randt et al., 2015; L

arsson et al., 2007), fueling concerns 
regarding the potential threats to environm

ental health and the selection of antibiotic 
resistant bacteria that m

ay pose a risk to hum
an health (B

randt et al., 2015).  

In the last few
 years, several studies have evaluated the environm

ental occurrence and fate 

have suggested that environm
entally relevant concentrations of antibiotics m

ay pose a 

(H
alling-Sorensen et al., 2000; R

obinson et al., 2005). M
oreover, effects of antibiotics on 

et al., 2006; R
ico et al., 2014a). H

ow
ever, few

er studies are available on how
 the exposure 

to antibiotics m
ay increase the prevalence and abundance of antibiotic resistance genes 

provide a m
ore ecological perspective as com

pared to single-species laboratory assays 
(V

an den B
rink et al., 2005). T

herefore, they are ideal to study the possible direct and 
indirect effects of antibiotic contam

ination on ecosystem
 structural and functional 

param
eters and to m

onitor the developm
ent of bacterial resistance. 

w
as chosen as test com

pound for this study. T
he m

ain goals of this study w
ere i) to 

freshw
ater sedim

ents, and ii) to evaluate its im
pacts on the resistom

e using tropical 
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Sam
ples used in the present study originated from

 an outdoor m
icrocosm

 experim
ent 

perform
ed at the Faculty of F

isheries of K
asetsart U

niversity (K
U

, B
angkok, T

hailand). 
H

ere, only a brief description is provided, w
hereas a full description of the experim

ent 

treatm
ent levels, w

hile only three of them
 w

ere sam
pled for this paper.

T
he experim

ent w
as perform

ed in M
arch and A

pril 2012 (dry season) in six outdoor 
freshw

ater m
icrocosm

s. M
icrocosm

s consisted of P
V

C
 tanks (volum

e capacity 600 L
) 

of concentrated plankton and an even num
ber of m

acro-invertebrates, both collected 
from

 uncontam
inated sources in T

hailand. B
efore application of the test substance, a 

period of four w
eeks w

as used for stabilization of the m
icrocosm

s. To hom
ogenize 

the experim
ental units, w

ater w
as exchanged tw

o tim
es per w

eek betw
een m

icrocosm
s 

during the stabilization period. In addition, nitrogen (1.4 m
g/L

 as urea) and phosphorus 
(0.18 m

g/L
 as triple super phosphate) w

ere supplied to the system
s tw

ice per w
eek 

during the entire experim
ental period. 

at a nom
inal concentration of 0, 10 and 1000 µg/L

 for a period of seven consecutive 

perform
ed in duplicate, w

ith four m
icrocosm

s receiving antibiotic treatm
ent and the 

rem
aining tw

o m
icrocosm

s being used as control treatm
ents. T

he experim
ent had a 

treatm
ent effects on sedim

ent bacterial com
m

unity com
position and abundance of 

selected antibiotic resistance genes. Sedim
ent sam

ples w
ere kept at -20 ºC

 until further 
analysis.

Sedim
ent sam

ples w
ere subjected to total D

N
A

 extraction, w
hich w

as perform
ed using 

the FastD
N

A
®

 Spin kit for Soil (M
P

 B
iom

edicals, Solon, O
H

, U
SA

) according to 
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U
SA

). B
efore being used in further experim

ents, D
N

A
 sam

ples w
ere diluted to an 

cycle conditions used for P
C

R
 reactions are described in T

able 1. F
ull description of 

P
rim

e
rs

S
e
q

u
e
n

c
e
 5

'–
3
'

C
y
c
le

 c
o

n
d

itio
n

R
e
fe

re
n

c
e

2
7

F
-D

e
g

S
G

T
T

Y
G

A
T

Y
M

T
G

G
C

T
C

A
G

9
5

 ºC
 –

2
m

in
; 3

0
 c

y
c
le

s
 o

f 9
5
 

ºC
 –

3
0
 s

e
c
, 5

6
 ºC

 –
4
5

 s
e

c
, 

7
2

 ºC
 –

6
0
 s

e
c

v
a

n
 d

e
n
 B

o
g

e
rt e

t a
l. 

(2
0

1
1

)

3
3

8
R

-I
G

C
W

G
C

C
T

C
C

C
G

T
A

G
G

A
G

T
D

a
im

s
 e

t a
l. (1

9
9

9
)

3
3

8
R

-II
G

C
W

G
C

C
A

C
C

C
G

T
A

G
G

T
G

T
D

a
im

s
 e

t a
l. (1

9
9

9
)

using the 96.96 B
ioM

ark
T

M D
ynam

ic A
rray for R

eal-T
im

e P
C

R
 (F

luidigm
 C

orporation, 

(L
eiden, the N

etherlands), according to m
anufacturer’s instructions, w

ith the exception 
that prim

er-annealing tem
perature during P

C
R

 reaction w
as low

ered to 56 ºC
. In order 

to norm
alize the abundance of antibiotic resistance genes present in a sam

ple, their 
relative abundances w

ere calculated based on the total bacterial abundance (abundance 
of the 16S rR

N
A

 gene) present in a given sam
ple. H

ow
ever, total bacterial abundance 

is expected to be higher than abundance of antibiotic resistance genes. T
herefore, prior 

T
M D

ynam
ic A

rray, sedim
ent D

N
A

 

B
ülow

 (2015).
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from
 various environm

ents under selective pressure of several antibiotics, w
as used 

recom
m

ended by the m
anufacturer, only C

T
 values low

er than 20 w
ere taken into 

consideration for abundance calculations. M
elting curves w

ere used to assess prim
er 

20 to be included in further analysis. 

R
ahm

ann, 2012), w
hich follow

s a standard operating procedure for 454 data analysis 

U
nit) table w

as generated follow
ing the procedure described in C

hapter 02. Such table 

w
hich sam

ples those O
T

U
s w

ere found. T
axonom

ic inform
ation of each O

T
U

 is also 

rem
oved from

 the original dataset. In addition, singletons and doubletons w
ere also 

rem
oved.  

C
alculation of norm

alized abundance of antibiotic resistance genes w
as perform

ed 

relative to the abundance of the 16S rR
N

A
 gene (total bacteria). D

elta-delta C
T

 values 
w

ere calculated as 2
-(C

T
antibiotic resistance genes – C

T
16S rR

N
A

). 

of the antibiotic application on the sedim
ent bacterial com

m
unity com

position and 
on the relative abundance of antibiotic resistance genes found in the studied sedim

ent 

the relative abundance of antibiotic resistance genes. W
hen that w

as the case, the 
relationship of these O

T
U

s w
ith antibiotic resistance genes w

as established by principal 
com

ponent analysis (P
C

A
) bi-plots. P

rior to analyses, O
T

U
 raw

 abundances w
ere 

transform
ed to relative abundance, treatm

ent concentrations (explanatory variables) 
w

ere ln-transform
ed and norm

alized abundance of antibiotic resistance genes w
ere 

ln(A
x+

1) transform
ed. In the transform

ation ln(A
x+

1), x stands for the abundance 
value and A

x m
akes 2 by taking the low

est abundance value higher than zero as x (for 
p <

 0.05) w
as determ

ined 
by a M

onte C
arlo perm

utation test (499 perm
utations). A

nalyses w
ere perform

ed using 
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the C
A

N
O

C
O

 softw
are package, version 5 (ter B

raak and Šm
ilauer, 2012). A

 heatm
ap 

depicting the norm
alized relative abundances of all antibiotic resistance genes and 

m
obile genetic elem

ents found w
as created using the softw

are M
eV, version 4.9 (Saeed 

w
as created. 

a total of 960 O
T

U
s w

ere found.

bacterial com
m

unity on day 7 (p
p =

 0.58). H
ow

ever, for both days 
R

D
A

 plots show
ed a clear separation betw

een sam
ples originating from

 the highest 
treatm

ent level (1000 µg/L
) and the low

est treatm
ent level (10 µg/L

) (data not show
n). 

C
ontrol sam

ples (0 µg/L
) grouped close to the low

est treatm
ent level (data not show

n). 

seem
ingly induced som

e changes in the sedim
ent bacterial com

m
unity structure. 

application. For instance, A
cidobacteria appeared to be very sensitive to the treatm

ent, 
since its relative abundance in the sedim

ent dropped considerably on both days 7 and 
14, com

pared to control treatm
ents (F

igure 1, T
able S2). A

nother phylum
 that had its 

relative abundance low
ered due to the treatm

ent w
as C

yanobacteria, w
ith its abundance 

being alm
ost zero at the highest treatm

ent level on day 14. D
espite being present at a 

very low
 relative abundance, N

itrospira w
as the single observed phylum

 that com
pletely 

disappeared after the antibiotic treatm
ent (T

able S2). In contrast, an increase in relative 

and V
errucom

icrobia on at least one sam
pling date (T

able S2). A
n increase in relative 
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E
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ro
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A
 total of tw

enty-seven antibiotic resistance genes and m
obile genetic elem

ents, 
conferring resistance to nine different antibiotic classes, w

ere detected in the sedim
ent 

resistance genes and m
obile genetic elem

ents w
ere detected in all sam

ples, including 
control sam

ples. Seven resistance genes w
ere detected in sedim

ent sam
ples from

 the 
treated m

icrocosm
s only (F

igure 2), and one of these genes is know
n to prom

ote 
qnrS). H

ow
ever, only one out of four targeted genes 

M
onte C

arlo perm
utation test perform

ed under the R
D

A
 option show

ed that there w
as 

p 

abundance of antibiotic resistance genes on day 14. W
e observed a clear separation of 

the highest treatm
ent level (1000 µg/L

) from
 the other treatm

ents in the resulting R
D

A
 

biplot, and a higher num
ber of antibiotic resistance genes w

ere associated w
ith this 

and beta-lactam
, since alm

ost all detected resistance genes, w
hich are associated to these 

classes of antibiotics w
ere m

ainly present and m
ore abundant in the treated sam

ples. 
qnrS) w

as 
higher in sam

ples that had received the highest concentration of antibiotic (1000 µg/L
), 

com
pared to control sam

ples. Q
uinolone resistance genes w

ere not detected in sam
ples 

on day 14. 
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effect of the treatm
ent on the relative abundance of antibiotic resistance genes on day 

relative abundance of antibiotic resistance genes, on day 14 (data not show
n). In order 

of antibiotic resistance genes, a P
C

A
 analysis w

as perform
ed. O

n day 14, seven days 
after the last antibiotic application, sixteen out of the tw

enty-tw
o O

T
U

s had increased 
relative abundance at the highest treatm

ent level. F
igure 4 depicts the correlation of the 

w
hich m

eans that they w
ere not assigned to any of the know

n existing phyla. A
ccording 

to the P
C

A
 analysis of the sam

ples from
 day 14, O

T
U

s that increased in abundance 
in the highest treatm

ent level, show
ed a correlation w

ith antibiotic resistance genes 
conferring resistance to the follow

ing classes of antibiotics: am
inoglycoside, 

-lactam
, 
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com
position could be observed in any of the sam

ples analyzed in this study. A
 sim

ilar 
observation w

as described by R
ico et al. (2014a), w

hen the sam
e sam

ples used in this 
study w

ere analyzed by denaturing gradient gel electrophoresis (D
G

G
E

). R
ico et al. 

only on day 14. H
ow

ever, a N
O

E
C

 (N
o O

bserved E
ffect C

oncentration) of 1000 µg/L
 

w
as calculated, indicating that concentrations higher than the highest treatm

ent level 
w

ould be needed to affect sedim
ent bacterial com

m
unities. Sim

ilarly, K
napp et al. (2005) 

had been exposed to a single application (25 µg/L
) of the antibiotic. H

ow
ever, effects of 

have been show
n in cosm

 experim
ents w

ith salt m
arsh sedim

ents (C
ordova-K

reylos and 
Scow, 2007) and w

etlands (W
eber et al., 2011). Since photo-degradation and sorption 

could be a result of the high rate of dissipation of this com
pound from

 the w
ater 

phase found during the experim
ent (R

ico et al., 2014a). A
dditionally, decreased toxicity 

potential due to high w
ater pH

 in the experim
ental system

s m
ay have contributed to the 

the experim
ent w

as perform
ed in a tropical environm

ent, w
hich is characterized by high 

solar irradiance and high algae grow
th, resulting in elevated pH

 values that increased 
the ionized fraction of the evaluated substance (R

ico et al., 2014a). N
evertheless, 

relative abundance of various bacterial phyla show
ed to be affected by the treatm

ent. 
Q

uinolone antibiotics are effective against G
ram

-positive and G
ram

-negative bacteria 
(C

ordova-K
reylos and Scow, 2007), how

ever, all phyla that show
ed a notable decline 

in their relative abundance in the treated sam
ples w

ere G
ram

-negative bacterial phyla. 
M

icrocystis aeruginosa (C
yanobacteria), w

ith 
E

C
50  in the range of 1-60 µg/L

 (H
alling-Sorensen et al., 2000). T

he high sensitivity of 

of this phylum
 in the treated m

icrocosm
s, especially on day 14. R

ico et al. (2014a) 

after seven days of the last antibiotic application (day 14). It is interesting to note that 
nifH

 
gene in the highest treatm

ent level on day 14. nifH
 encodes for nitrogenase, the key 

w
ith C

yanobacteria. T
he drastic decrease in the relative abundance of C

yanobacteria 
at the highest treatm

ent level on day 14 m
ight have contributed to the decrease in nifH

 
abundance as observed by R

ico et al. (2014a). 
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B
acterial phyla containing im

portant hum
an pathogens, w

hich are know
n to be resistant 

m
icrocosm

s. 

A
s expected, antibiotic resistance genes and m

obile genetic elem
ents w

ere found in 

gene (qnrS) becam
e detectable in the sam

ples exposed to the highest concentration 

Q
uinolone antibiotics act on D

N
A

 replication, ham
pering the process and im

peding 
D

N
A

 duplication (Strahilevitz et al., 2009). M
echanism

s of bacterial resistance to 
antibiotics are various, ranging from

 point m
utations on the enzym

es targeted by the 
antibiotics to production of proteins that protect the targeted enzym

es (Strahilevitz et 
al., 2009; W

right, 2010). Such m
echanism

s m
ay arise from

 m
utations in the bacterial 

chrom
osom

al D
N

A
 or by the presence of resistance genes, w

hich m
ay be located on 

m
obile genetic elem

ents. B
acteria possess a variety of com

plex m
obile genetic elem

ents 
(M

G
E

s) such as bacterial plasm
ids, transposons or cassettes of integrons that enable 

horizontal transfer of antibiotic resistance genes (Partridge, 2011). Several integrases 
and tranposases w

ere highly abundant in the sedim
ent sam

ples in both sam
pling days. 

A
ntibiotic resistance integrons, such as the class 1 integron, are w

idely distributed 
am

ong G
ram

-negative bacteria and are considered as a paradigm
 of genetic transfer 

betw
een the environm

ental resistom
e and both com

m
ensal and pathogenic bacteria 

2006; Strahilevitz et al., 2009). T
he selection for, and/or the spread of m

obile genetic 
elem

ents is likely to contribute to sim
ultaneous em

ergence and spread of m
ultiple 

C
o-selection or co-resistance, refers to the spread of m

ultiple antibiotic resistance genes 
present in a single genetic m

obile elem
ent. C

o-selection m
ay have occurred in the treated 

bacterial com
m

unity com
position and increase in the relative abundance of antibiotic 

resistance genes. D
espite effects had only been observed in the highest level treatm

ent, 
w

hich exceeds reported concentrations found in freshw
ater ecosystem

s, intensive use 
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m
ay lead to the em

ergence of m
ulti-resistant bacteria, w

hich can pose a serious threat 

ecosystem
s (e.g. w

ater, sedim
ents) m

ay w
ork as vectors in the transm

ission of resistant 
pathogens to hum

ans. 
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M
icroorganism

s m
ake up an unseen w

orld. H
ow

ever, one cannot underestim
ate the 

central role these tiny organism
s play supporting life on E

arth. M
icroorganism

s are 

and gastrointestinal tract of hum
ans and anim

als. M
icrobes are responsible for a vast 

range of processes that not only support, but also allow
ed life to evolve and exist, as 

organism
s to inhabit our planet and, therefore, directly responsible for oxygenating the 

evolve. M
any other essential processes that m

aintain life are m
ediated by m

icroorganism
s, 

such as degradation of organic m
atter and recycling of nutrients. M

icroorganism
s 

al., 2011), m
itigate clim

ate change (B
ender et al., 2014) and rem

ediate contam
inated 

ecosystem
s (M

aphosa et al., 2012). M
oreover, m

icroorganism
s serve as food source to 

fungi, protozoans and plankton. A
s discussed above, m

icroorganism
s drive a broad 

chem
icals m

ay seriously affect ecosystem
 services. T

herefore, for the protection of 

and function.

A
 vast range of synthetic chem

icals, such as pesticides, pharm
aceuticals and chem

icals 

pose a risk to m
icrobial com

m
unities (K

um
m

erer, 2009; Steen et al., 2001). H
ow

ever, 
studies assessing the effects that synthetic chem

icals (e.g. pesticides) m
ight have on 

respect to heterotrophic m
icroorganism

s (e.g. bacteria and fungi). M
any freshw

ater 
ecosystem

s are fuelled by allochthonous organic m
atter, and heterotrophic m

icrobes 
are crucial for the conversion of organic m

atter into anim
al biom

ass (B
ärlocher, 2005; 

the effects synthetic chem
icals, w

hich are often, but not exclusively, used in agriculture 
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norm
ally applied to studies assessing environm

ental effects of chem
icals.

P
revious studies have reported effects of a variety of pesticides (fungicides, herbicides 

and 
insecticides) 

on 
freshw

ater 
sedim

ent 
bacterial 

com
m

unity 
com

position 
and 

function (W
idenfalk et al., 2008b; W

idenfalk et al., 2004). F
ungicides are w

idely used 

m
icrobial com

m
unities, especially on non-target fungi. A

 reason for this know
ledge 

data that are obtained by standard toxicity tests. H
ow

ever, it is unclear to w
hich extent 

such assessm
ent factors account for uncertainties associated w

ith extrapolating from
 

standard toxicity data, w
hich are norm

ally perform
ed w

ith single species and under 
laboratory 

circum
stances, 

to 
m

icrobial 
com

m
unities 

in 
the 

natural 
environm

ent. 
A

 w
ay to reduce this uncertainty is to characterize variation in toxicity sensitivity by 

constructing species sensitivity distributions (SSD
s) (Posthum

a et al., 2002). M
altby et 

studies in order to evaluate w
hether they w

ere protective of adverse ecological effects. 
A

 lim
itation of this study w

as that no toxicity data for heterotrophic m
icrobes w

ere 
available. In order to address the lim

itation faced by M
altby et al. (2009) w

e perform
ed 

a study to assess the effects of a w
idely used fungicide (tebuconazole) on heterotrophic 

derived w
ithout toxicity data for heterotrophic m

icrobes (C
h

a
p

te
r 

3). T
herefore, 

the study reported in C
h

a
p

te
r 3 contributes to the understanding of the potential 

C
h

a
p

te
r 3 is that tebuconazole, 

w
hen applied at a single pulse at its H

C
5 concentration (as derived by M

altby et al. 

production and fungal com
m

unity com
position associated to leaf m

aterial. O
ur study 

sporulation due to tebuconazole exposure (Z
ubrod et al., 2011). C

hange in the structure 
of fungal com

m
unities associated w

ith leaf m
aterial, due to tebuconazole exposure, had 

been dem
onstrated earlier (A

rtigas et al., 2012), how
ever, to our know

ledge our study 

associated fungal com
m

unities m
ight be affected by tebuconazole exposure, providing 

inform
ation at m

uch higher resolution as com
pared to previous studies. M

oreover, 
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study of B
undschuh et al. (2011) w

ho reported that leaf-shredding organism
s preferred 

leaf m
aterial that had not been exposed to tebuconazole over leaf m

aterial exposed to 

and fungal com
m

unity com
position. T

herefore, in C
h

a
p

te
r 3 w

e argue that despite 

m
icrocosm

s studied, such im
pact should not be ignored; instead should alarm

 for the 
necessity of further research, especially because potential effects on higher organism

s 
w

ere observed, w
hich could lead to m

ore severe ecological effects. 

A
s for fungicides, the use of antibiotics to treat or prevent bacterial infections in hum

an 
and veterinary m

edicine m
ay lead to serious environm

ental problem
s, including the 

developm
ent of antibiotic resistance and alteration of ecosystem

 functioning. T
he 

reason that antibiotics m
ay lead to environm

ental pollution and eventually affect 
m

icrobially-m
ediated ecosystem

 services, is that antibiotics are norm
ally poorly adsorbed 

by the organism
s receiving them

 (Sarm
ah et al., 2006) and, therefore, are likely to end 

antibiotics m
ay be excreted via urine as active substances (A

lcock et al., 1999). Indeed, 
several antibiotics that are norm

ally used in hum
an and veterinary m

edicine have been 

som
e cases at reported concentrations that exceed therapeutic levels (L

arsson et al., 

com
m

unity 
functioning 

have 
been 

dem
onstrated. 

H
alling-Sorensen 

et 
al. 

(2000) 

cyanobacterium
 M

ycrocists aeruginosa, w
hereas M

aul et al. (2006) dem
onstrated an effect 

com
m

unities. H
ow

ever, effects are often seen at concentrations that are above w
hat is 

non-lethal concentrations, long-term
, chronic exposures to antibiotics are likely to 

affect m
icroorganism

s (A
ndersson and H

ughes, 2012). In C
h

a
p

te
r 5 and C

h
a
p

te
r 6, 

freshw
ater m

icrocosm
s. E

ffects on organism
s belonging to different trophic levels, 

such 
as 

phytoplankton, 
zooplankton, 

periphyton 
and 

bacteria, 
w

ere 
assessed. 

C
h

a
p

te
r 

5are not likely to cause direct or indirect toxic effects neither on prim
ary producer 
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m

unities 
nor 

on 
bacterial 

com
m

unity 
com

position 
and 

relevant 
m

icrobially-

com
m

unities, 
after 

a 
long-term

 
exposure 

to 
an 

antibiotic 
m

ixture, 
have 

been 
dem

onstrated (W
ilson et al., 2004). W

e reasoned that the lack of a clear treatm
ent 

be a result of the high dissipation rate of this com
pound as w

ell as a high w
ater pH

 
observed during the experim

ent. In our study reported in C
h

a
p

te
r 5

levels higher than environm
entally relevant concentrations, transient effects on m

icrobial 
com

m
unity com

position and function w
ere observed. E

ffects on bacterial com
m

unity 
com

position associated w
ith leaf m

aterial and nitrifying sedim
ent archaea and bacteria 

w
ere detected for at least one sam

pling day. H
ow

ever, processes linked to those 

indicate a high degree of functional redundancy as w
ell as high recovery capacity of 

C
h

a
p

te
r 5 w

ere partially obtained 

com
m

unity structure in sedim
ent and leaf m

aterial (D
G

G
E

) as w
ell as absolute 

C
h

a
p

te
r 6, w

e selected three treatm
ent levels of the study described in 

C
h

a
p

te
r 5

C
h

a
p

te
r 5. In C

h
a
p

te
r 6

C
h

a
p

te
r 5. O

verall 

treatm
ent. N

evertheless, despite this lack of an overall effect, changes in relative 
abundance of a num

ber of bacterial phyla w
ere observed as an effect of the treatm

ent. 

not directly provide any inform
ation regarding the identity of populations affected by a 

bacterial phyla, such as C
yanobacteria, show

ed a steep decline in relative abundance due 

w
as not possible to detect w

hether relative abundances of affected bacterial phyla, 
returned to levels sim

ilar to control treatm
ents. N

evertheless, a clear exam
ple of how

 

C
h

a
p

te
r 6. Sedim

ent sam
ples w

ere 
also screened for the presence and abundance of antibiotic resistance genes. Several 
genes know

n to cause resistance to a vast num
ber of antibiotics, as w

ell as m
obile 



C
H

A
P

T
E

R
 7

224

gene abundances in m
ultiple sam

ples in a single run. A
ntibiotic resistance genes w

ere 

m
ultiple antibiotic resistance genes. Surprisingly, the m

ajority of the detected antibiotic 
resistance genes w

ere responsible for conferring resistance to am
inoglycoside antibiotics, 

(highest treatm
ent level). M

ultiple genetic m
obile elem

ents w
ere also detected. C

lass 1 
integron is a genetic m

obile elem
ent know

n to carry num
erous antibiotic resistance 

2006; Strahilevitz et al., 2009). C
lass 1 integron w

as found to be m
ore abundant in 

treated sam
ples (highest treatm

ent level), w
hich m

ight also explain the increase in 
abundance of am

inoglycoside resistance genes by a phenom
enon know

n as co-selection 
C

h
a
p

te
r 6 is 

antibiotics. M
ulti-resistant bacteria pose a serious threat to hum

an health, and therefore, 
should not be ignored, especially w

hen the em
ergence and spread of resistance m

ay 
happen in an environm

ent that all life form
s depend on. A

s for C
h

a
p

te
rs 3

 a
n

d
 5, 

C
h

a
p

te
r 6

R
esults obtained in C

h
a
p

te
r 5 and C

h
a
p

te
r 6 indicate that antibiotic pollution is likely 

com
m

unities. T
herefore, w

e argue that further research should be conducted and focus 
on the assessm

ent of potential effects of these long-term
 antibiotic exposures on 

persistence of antibiotic resistance. M
oreover, it is im

portant to address to w
hich extent 

exposure to antibiotic pollution.

environm
ents m

ight affect m
icrobial com

m
unity com

position and function (C
h

a
p

te
r 3

, 

5
 a

n
d

 6) (W
idenfalk et al., 2004). In turn, biodegradation and bioavailability of chem

icals 

accum
ulate and degrade a vast range of chem

icals (K
arpouzas and Singh, 2006; Singh 

and W
alker, 2006; W

idenfalk et al., 2008b). D
egradation of chem

icals by the m
icrobial 

com
m

unity m
ay change chem

ical exposure patterns to higher sedim
ent organism

s. 
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toxicity testing, how
ever, the im

portance of m
icroorganism

s is often overlooked in 
C

h
a
p

te
r 4, w

e studied the developm
ent of bacterial 

16S rR
N

A
 genes w

ere used in order to characterize bacterial com
m

unities associated 

abundance of selected functional genes, w
hich are involved in im

portant ecosystem
 

functions m
ediated by m

icrobes. T
he choice of targeted functional genes w

as based, 
w

hen possible, on w
hether or not those genes w

ere involved in processes that could 

sedim
ents are highly com

plex and heterogeneous in space and tim
e. T

herefore, they are 
less suitable to be used for sedim

ent toxicity testing, since test outcom
es w

ould m
ost 

likely not be reproducible. Studies have dem
onstrated that m

icrobial com
m

unities are 

dem
onstrated in C

h
a
p

te
r 4

toxicity testing should be perform
ed w

ith single (eukaryotic) test species only, in order 

up. D
espite the fact that a single species test w

ould pose m
ajor experim

ental challenges 
in order to be achieved (germ

-free anim
als/plants, sterile m

aterial and environm
ent, 

etc.), one m
ight ask how

 ecologically relevant such test w
ould be. A

 scenario w
here 

on the one hand, tests conducted in the absence of m
icrobial com

m
unities w

ould be 
ecologically less relevant. H

ow
ever, on the other hand, how

 to account for direct and 
indirect effects m

icrobes m
ay exert on chem

icals and/or on organism
(s) being tested? 

A
 solution for such dilem

m
a could be the use of a standard inoculum

, consisting of a 

assure that this com
m

unity behaves and develops consistently in different tests carried 
out at different tim

es and/or different laboratories? It is clear that further studies are 
C

h
a
p

te
r 

4
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A
s previously discussed, m

icrobes are essential for the sustainability of life as w
e know

 
it. T

herefore, one could assum
e that, since m

icroorganism
s are so im

portant, their 
protection from

 chem
ical pollution w

ould be a priority. H
ow

ever, the assessm
ent of 

contam
inant effects on m

icrobial com
m

unities is precarious, especially in sedim
ents 

(W
idenfalk et al., 2008a). T

raditionally, chem
ical toxicity effects to m

icroorganism
s are 

often evaluated in laboratory tests w
ith single species or by assessing m

icrobial com
m

unity 
level endpoints, such as density of selected m

icroorganism
s, respiration inhibition and 

nitrogen transform
ation tests (B

randt et al., 2015; K
ahru et al., 1996; Schafer et al., 

2011). H
ow

ever, single species tests and com
m

unity level endpoint analyses m
ay fail to 

detect effects on m
icrobial com

m
unity com

position, w
hich could lead to deviations in 

im
portant ecosystem

 functions (W
idenfalk et al., 2008a). W

hen looking at com
m

unity 
level endpoint analyses, effects on com

m
unity com

position m
ay be overseen due to the 

presence of functional redundancy, w
hich m

eans that loss of m
icrobial species could 

be com
pensated by others that perform

 the sam
e function. H

ow
ever, resistance or 

resilience to disturbance m
ight depend on the existing level of functional redundancy 

m
ajor effects on selected functional endpoint are seen, chem

ical contam
ination m

ay 
affect com

m
unity com

position, w
hich could lead to loss of diversity, and thus im

paired 
resilience, after prolonged and/or repeated exposure. 

range of applications has show
n great potential to im

prove ecological studies (B
randt 

and m
etabolom

ics) have allow
ed researchers to have a deeper understanding of how

 
pollutants cause toxicity (G

arcia-R
eyero and Perkins, 2011). For instance, transcriptom

ics, 
w

hich entails the genom
e-w

ide study of transcripts, allow
 researchers to com

pare gene 

to genom
ic inform

ation of the organism
s being studied, m

ay shed light on how
 the 

organism
s under study react and protect them

selves against chem
ical exposure. T

he 

the biological m
olecules being studied, for instance, proteom

ics consists of the study 

of com
plex m

icrobial com
m

unities in the environm
ent, w

ith the difference that in this 
case no single species are being studied, but rather com

m
unities. In such cases ‘om

ics’ 

biological m
aterial of interest, collected from

 the environm
ent being studied. W

hen the 
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w
hen transcripts are of interest, m

etatranscriptom
ics. M

etagenom
ics, as opposed to the 

16S rR
N

A
 gene targeted approach that w

as used to characterize bacterial com
m

unity 
com

position in C
h

a
p

te
rs 2

, 3
, 4 a

n
d

 6, allow
 researchers to gather taxonom

ic and 
functional inform

ation about the m
icrobial com

m
unities under study. C

om
bined 

taxonom
ical and functional inform

ation m
ay lead to a deeper com

prehension of the 
interaction m

icroorganism
s m

ight have w
ith synthetic chem

ical. For exam
ple, Fang 

et al. (2014) used m
etagenom

ic analysis to assess the abundance and diversity of 
biodegradation genes as w

ell as potential degradation pathw
ays of persistent pesticides 

such as D
D

T
 in m

arine and freshw
ater ecosystem

s. B
y using m

etagenom
ics Fang et al. 

(2014) w
ere able to identify nearly com

plete biodegradation pathw
ays for tw

o persistent 

com
m

unities from
 com

plex m
atrices, such as soil and sedim

ent, bias w
ill be present at 

least in one step of the study; the extraction of the targeted biom
olecules (D

N
A

, R
N

A
, 

proteins). B
ias related to soil and sedim

ent D
N

A
 extraction is w

idely acknow
ledged in 

have attem
pted to reduce bias related to soil D

N
A

 extraction by extracting D
N

A
 

m
ultiple tim

es from
 the sam

e sam
ple (B

urgm
ann et al., 2001; Feinstein et al., 2009). 

In C
h

a
p

te
r 2, w

e elaborated on the study from
 Feinstein et al. (2009) by investigating 

how
 bias, due to incom

plete D
N

A
 extraction, m

ay affect soil m
icrobial characterization. 

C
h

a
p

te
r 2 are that considerable am

ounts of soil D
N

A
 

are not extracted w
hen only a single D

N
A

 extraction is perform
ed. F

urtherm
ore, 

m
icrobial com

m
unities. T

herefore, w
e argue that to im

prove m
icrobial characterization 

of environm
ental sam

ples, successive D
N

A
 extractions of the sam

e sam
ple should be 

perform
ed. D

N
A

 obtained in successive extractions should be then pooled prior use in 
further experim

ents, as indicated by Feinstein et al. (2009).
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N
ow

adays, an increasing num
ber of synthetic chem

icals are used in a vast range of 

how
 m

uch of our life style is dependent on synthetic chem
icals. From

 the food w
e 

eat, m
edicines w

e take to the health care products w
e use, all have their fair share 

of synthetic chem
icals. H

ow
ever, m

any of the synthetic chem
icals w

e depend on 
are released into the environm

ent, w
here they could becom

e a threat to non-target 
organism

s, ecosystem
s, as w

ell as us, hum
an beings. D

ue to their use and application, 

and antibiotics. Pesticides, as w
ell as antibiotics m

ay have a direct or indirect effect on 

ecosystem
 functions such as prim

ary production, nutrient cycling and decom
position. 

of 
higher 

organism
s 

(i.e. 
benthic 

invertebrates) 
by 

controlling 
carbon 

dynam
ics 

degradation and bioavailability of synthetic chem
icals. In turn, synthetic chem

icals 

Surprisingly, not m
any studies assessing the toxicity of synthetic chem

icals on m
icrobial 

environm
ents. M

ost studies have focused on the m
icrobial degradation of pesticides, 

for instance, rather than on the effects on m
icrobial com

m
unities. T

herefore, little 

effects on heterotrophic m
icrobes. Since m

icroorganism
s play a central role in m

any 
im

portant ecosystem
 processes, understanding pollutant-induced effects on m

icrobial 

ecosystem
s. Such tests are pivotal for the understanding of how

 chem
icals m

ay affect 
sedim

ent biota, since chem
ical exposure in the sedim

ent m
ay be different from

 

effects m
icroorganism

s m
ight have on the fate of chem

icals in the sedim
ent are 

necessary, since m
icrobes eventually m

ay affect the outcom
e of sedim

ent tests w
ith 

higher organism
s. 
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m
icrobial com

m
unities, and how

 in turn m
icrobial com

m
unities m

ight affect the fate of 

In C
h

a
p

te
r 3

, w
e explored the validity of the assum

ption that regulatory acceptable 

the effects on the m
icrobial com

m
unities, w

ere studied w
hen tebuconazole exposed 

leaf m
aterial w

as fed to leaf-shredding organism
s. Tebuconazole w

as applied at its 

biom
ass associated w

ith leaf m
aterial or leaf decom

position or the com
position and 

biom
ass of the fungal com

m
unity associated w

ith sedim
ent could not be dem

onstrated. 
M

oreover, treatm
ent-related effects on bacterial com

m
unities associated w

ith sedim
ent 

reduce conidia production and altered fungal com
m

unity com
position associated w

ith 
leaf m

aterial. A
n effect at a higher trophic level w

as observed w
hen G

am
m

arus pulex w
ere 

even w
hen applied at its “non-m

icrobial derived” H
C

5 concentration.

In C
h

a
p

te
r 4

sedim
ent 

during 
a 

28 
day 

bioaccum
ulation 

test 
w

ith 
polychlorinated 

biphenyls, 

com
position. A

bundance of total bacteria and selected genes encoding enzym
es 

involved in im
portant m

icrobially-m
ediated ecosystem

 functions w
ere m

easured by 

com
m

unity com
position, biodiversity and tw

o functional genes tested. M
oreover, O

M
 

species. M
edium

 O
M

 content led to the highest gene abundance and is preferred for 

grow
th and stabilization of the bacterial com

m
unity. T

he observed changes in m
icrobial 

com
m

unity com
position and functional gene abundance m

ay im
ply actual changes in 

assessm
ent. 
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C
h

a
p

te
rs 5

 a
n

d
 6

as on the developm
ent of antibiotic resistance. In C

h
a
p

te
r 5

at a concentration of 1, 10, 100 and 1000 µg/L
 for seven consecutive days in outdoor 

bacteria) and tw
o functional (organic m

atter decom
position and nitrogen cycling) 

endpoint groups for 4 w
eeks after the last antibiotic application. C

onsistent treatm
ent-

related effects on the invertebrate and prim
ary producer com

m
unities and on organic 

the structure of leaf-associated bacterial com
m

unities at the highest treatm
ent level, and 

reduced the abundance of am
m

onia-oxidizing bacteria and am
m

onia-oxidizing archaea 

increased at the highest treatm
ent level, and nitrate production w

as decreased, indicating 

T
he results reported in C

h
a
p

te
r 5

 suggest that environm
entally relevant concentrations 

and prim
ary producer com

m
unities, nor on im

portant m
icrobially m

ediated functions 
C

h
a
p

te
r 6

C
h

a
p

te
r 

5
 by using three treatm

ent levels (0, 10 and 1000 µg/L
) of the outdoor m

icrocosm
 

com
position and the relative abundance of m

ultiple antibiotic resistance genes on the 

Shifts in the relative abundance of relevant bacterial taxa (A
cidobacteria, B

acteriodetes, 

neither on day 7 nor on day 14. A
 treatm

ent-related effect w
as observed on the 

low
 in this study as com

pared to levels observed for genes conferring resistance to 
other antibiotics. T

he m
ost notable increase in the abundance of resistance genes w

as 
observed for those related to am

inoglycoside antibiotics, w
hich can be co-selected by 

In C
h

a
p

te
r 2, w

e perform
ed an assessm

ent of how
 m

uch incom
plete D

N
A

 extractions 
from

 a com
plex environm

ental m
atrix, such as soil, m

ay affect m
icrobial com

m
unity 

characterization w
hen using m

olecular approaches. Independently of the m
olecular 

approach used, soil D
N

A
 extraction is a crucial step. Success of dow

nstream
 procedures 

used for m
icrobial characterization w

ill depend on how
 w

ell D
N

A
 extraction w

as 
perform

ed. O
ften, studies describing and com

paring soil m
icrobial com

m
unities are 
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based on a single D
N

A
 extraction, w

hich m
ay not lead to a representative recovery of 

D
N

A
 from

 all organism
s present in the soil. To determ

ine w
hether successive D

N
A

 
extractions, perform

ed on the sam
e soil sam

ple, w
ould lead to different observations 

in term
s of m

icrobial abundance and com
m

unity com
position, w

e perform
ed three 

successive extractions, w
ith tw

o w
idely used com

m
ercial kits, on six different soil sam

ples. 
Successive extractions increased considerably D

N
A

 yield, as w
ell as total bacterial and 

16S and 18S rR
N

A
 genes revealed that m

icrobial com
m

unity com
position (taxonom

ic 
groups) observed in the successive D

N
A

 extractions w
ere sim

ilar. Successive D
N

A
 

extractions revealed a few
 additional m

icrobial groups, w
hich w

ere not observed w
ith a 

single extraction. H
ow

ever, relative abundance of these additional groups w
as very low. 

N
evertheless, for som

e soil sam
ples shifts in m

icrobial com
m

unity com
position w

ere 
observed, m

ainly due to shifts in relative abundance of a num
ber of m

icrobial groups.

In C
h

a
p

te
r 7

future perspectives for the use of m
olecular tools for the ecological risk assessm

ent of 
chem

icals are given. 
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I am
 incredibly glad to be w

riting this acknow
ledgem

ent, m
y P

hD
 journey has com

e 
to an end.  It has been a long journey, full of ups and dow

ns. A
 journey that has m

ade 

supposed to. A
 journey that taught m

e so m
any things, professionally and personally. A

 
journey I w

ill never forget. A
nd m

ore im
portantly, a journey I w

ill never regret to have 
taken. 

F
irst of all, I w

ould like to thank m
y prom

otors/supervisors H
auke and Paul. H

auke, 
thank you for giving m

e the opportunity of doing m
y P

hD
 in your group. I still rem

em
ber 

very clearly the day w
e m

et, the day I cam
e to the lab to have an interview

 for the P
hD

 
position that in the end w

ould be m
ine. W

hen I think about that day, w
hen I think about 

place in a foreign country, far from
 everybody and everything I knew

; I com
e to realize 

how
 m

uch I have learned and grow
n in these past seven years. A

nd m
uch of this I ow

e 
to you. Paul, I should also thank you for giving m

e the opportunity for pursuing this 
P

hD
. Y

ou w
ere alw

ays there for m
e, especially w

hen I w
ould run into problem

s due to 
m

y vast statistical know
ledge. I very m

uch enjoyed being part of the Stress group. Y
ou 

have alw
ays know

n how
 to create a great group atm

osphere, also outside w
orking hours. 

I w
ill alw

ays rem
em

ber our Stress group retreat in Terschelling, those w
ere great days. 

H
auke, Paul, it has been a pleasure to w

ork w
ith you.

I w
ould also like to thank m

y collaborators, w
ithout you this thesis w

ould not have been 
possible. Sujitra, it w

as a great experience to w
ork w

ith you, I really enjoyed. T
hank 

you for all the help and support w
ith our m

anuscript. R
ené, w

ithout you none of the 
experim

ents w
e perform

ed at Sinderhoeve w
ould have been possible. Y

ou w
ere alw

ays 
available to help and m

ore im
portantly, alw

ays in a good m
ood. T

hank you for all your 
assistance and for m

aking those long sam
pling days m

ore enjoyable. T
heo and L

orraine, 
thank you for all guidance and assistance w

ith the m
anuscripts w

e w
orked together. 

I learned a lot from
 our discussions. A

nnelies, w
e have been collaborating since the 

beginning of m
y P

hD
 and I am

 very glad for that. I have learned a lot from
 you and 

it has been great fun to share this journey w
ith you, not only during, but also outside 

translations, thank you. N
oël, our path to publication w

as not alw
ays easy. D

espite the 
countless hours discussing, w

riting and rew
riting our m

anuscript, I had an am
azing tim

e. 
I alw

ays felt very com
fortable w

orking w
ith you, like w

e w
ere alw

ays on the sam
e page. 

W
ell, m

ost of the tim
e ;-) B

ut it w
as all w

orth it! W
e got w

here w
e w

anted to get. T
hank 

you! B
art, your contribution really m

ade a difference to the outcom
e of our m

anuscript. 

com
m

ents, thank you for that. A
ndreu, it has been great and fruitful to w

ork w
ith you. 

T
hank you for your help and support throughout m

y P
hD

. A
 big part of this thesis 
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w
ould not have been possible w

ithout you. W
e still have som

e w
ork to do, and I hope 

our collaboration lasts for m
any years to com

e. E
lena, thank you for introducing m

e to 

w
as essential. H

ans, w
ho w

ould say that your ideas and suspicions about soil D
N

A
 

extractions w
ould have com

e all this w
ay. T

hank you for sharing your ideas w
ith m

e and 
for giving m

e the opportunity to w
ork w

ith you. M
attias, I have learned a lot from

 you. 

L
ast, but not least, E

iko. D
ear E

iko, w
ithout you this thesis w

ould not exist. Y
ou gave 

m
e the opportunity to com

e to the N
etherlands to w

ork w
ith you. Y

ou helped m
e to 

w
ould result in this thesis, and for that I am

 eternally grateful. M
oreover, you have given 

m
e the opportunity to again join your research group. It has been an im

m
ense pleasure 

and I hope w
e keep w

orking together for m
any years to com

e. M
uito obrigado! 

T
hank you to all people at the L

aboratory of M
icrobiology (M

IB
) that directly or 

indirectly contributed for the realization of this thesis. Som
e of you deserve a special 

during m
y tim

e at M
IB. Y

ou girls w
ould alw

ays m
ake m

y day m
ore enjoyable. T

hank 
you for all discussions and pleasant m

om
ents w

e shared, inside and outside the lab. 
Jing and Y

ue, thank you for introducing m
e to the hot pot, I had lots of fun and 

delicious food. F
loor, you w

ere alw
ays there to help m

e, w
ith canoco related issues, 

D
utch letters that I could not understand, tax declarations, you nam

e it. T
hank you for 

everything! T
hom

as and Jose, I still rem
em

ber the day I stayed over at your place to join 
a football m

atch w
ith the highly skilled F

C
 K

aas. I had just arrived and you guys w
ere 

special tim
e. T

hom
as, thank you so m

uch for your help w
ith the printing of the reading 

version, w
ithout you I w

ould not have m
ade the deadline. P

ierpaolo, thank you for all 
the great tim

es w
e had together. I alw

ays enjoyed your com
pany and look forw

ard to 
m

eeting you again, grazie m
y friend. Sidnei, ou para os m

ais chegados, B
ahia. Foi um

 

por tudo e um
 grande abraço m

eu am
igo. Teun, w

e shared great m
om

ents during 
these last years, m

any of w
hich took place outside the lab. I w

ill alw
ays rem

em
ber 

our adventures around the N
etherlands and abroad, especially the ones w

ith our dear 
friend Jose C

uervo. W
ell, at least party of it ;-) Tom

 vd B., thank you for all the help 
you gave m

e during m
y tim

e at M
IB. Y

ou w
ere alw

ays the person to run to w
hen I had 

extrem
ely im

portance. Y
ou take care of so m

any things and details that m
ake the w

ork 
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w
e perform

 in the lab and behind the com
puter possible. T

hank you for alw
ays being 

ready and w
illing to help. H
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hilippe, thank you for all the support over these 

last years. H
ans, I still rem
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ber the ride you gave m

e to H
oenderloo, the place I stayed 

right after arriving in the N
etherlands. Y

ou probably rem
em

ber as w
ell, I guess it is not 

easy to forget how
 tidy and neat the bungalow

 w
as w

hen w
e entered it. I w
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to thank Sven, Juanan, Irene, Peer, N

icolas, B
ram

, M
ark, R

ozelin, A
na Paulo, D

etm
er, 

Susakul, C
arm

en, Teresita, G
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oline, Javi, E

lleke, Tom
 vd W
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ichael, 
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aim
, T

ian, G
erben, Teunke, D

ennis, M
onika, C

orina, L
ennart, N

ora, A
nja and 

C
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ay you all helped m
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D
uring m
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 student at M

IB, I got the opportunity to participate in 
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any great activities that took place outside the lab. I w
ould like to thank colleagues 

and friends that shared those m
om

ents w
ith m

e, especially the ones responsible for 
organizing these events. B

ram
, E

dze, M
artin, Teun, Jing and Jim

m
y, I had a great tim

e 
w

ith you organizing the P
hD

 trip to C
hina and Japan. It w

as a w
onderful experience and 

I learned a lot. I also enjoyed very m
uch m

y participation in the V
eluw

eloop. Tom
 vd 

W
., thank you for organizing our M

IB
 team

 to participate in this great event, especially 
because I got the opportunity to w

itness our dear friend E
dze doing w

hat he does best. 
E

dze, I w
ill never forget how

 w
ell you did that day, you should be proud, 75

th place out 

V
eluw
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pted m

e to join another running event, the seven hills. T
hom

as, B
ram
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Servé, Stefan and E

dze, it w
as great sharing that experience w

ith you. E
dze, a special 

thanks to you, I very m
uch appreciated the sixteenth years old Scotch w

hisky I got from
 

you after…
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artin, E
dze, D

etm
er and Tom

 vd W
., thank you for 

hosting all those board gam
e sessions. It w

as endless, but great fun!

Stien, E
dze, M

artin and Fernanda, I enjoyed a lot our trip to the incredible Friesland. 
T

here w
ere so m

any things to see and do, I w
as sim

ply am
azed by the num

ber of cow
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pint at the pub. T
hank you m

y friends for being part of this journey. 

A
 special thank you to m

y paranym
phs, E

dze and M
artin. Y

ou guys have taken an 
im

portant place in m
y life since I cam

e to the N
etherlands. T

hank you for sharing this 
incredible journey w

ith m
e and for taking the tim

e from
 your busy life to be here by m

y 
side during m

y P
hD

 defence. I really do appreciate it! 
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