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iurther influencin g microbial actj ity and junctiong hang
et al. 2011). In 1ecent years, polyculture planting (species
richness) has been gradually applied to (ol designf hang
etal. 2011; Changet al. 2014). H§ plant species richness
affects the jun gal denitrification in OV systems has been
unclear.

P1g ious studies shy ed that pH, C, N and plant species
tichness all are important Tactors affectin g denitrification
actj ity in (ol systems (Faw¥ etter et al. 2009). At the same
time, yplant 100ts not only influence substrate yH by excret-
ing some o1ganic acids, they influence substrate C and N
contents by excreting some o1 ganic matter such as sugar and
amino acids o1 by plant uptakez hanget al. 2011). It is pos-
sible that plant species richness interactw ith C, N and yH
in the substrate olc ol systems; he ¢ e these interactions

e remained unkng n.

The potential Tungal denitril ication rate (PFDR) in
30V ertical fis  simulatedv etland (YFSY' ) mictocosms
W ere ip estigated using thIccCplant species richness g els
(unplanted, monoculture and 1 gur-species mixture), aw ell
as C, N and pH amendments as fixed Tactors. Experiments
W ere designed to anw er hg (1) plant species richness
affects PFDR; (2) C, N and y H amendments ditectly impact
fungal denitrification actj ity in the YESY' microcosms; and
(3) interactions b&¥ een amendments and plant species rich-
ness impactfungal denitrification acfj ity.

Materials and Methods

Thirty YESY' microcosmev ere established at Taizhou
Un\j ersity (121°21'E, 28°34'N) iz hejiang PIQ ince. The
YES' microcosnw as made irom polyethylene plastic
1.2 m (height) 0.45m (length) 0.45 mW ideness)]. The
empty-bed, olume ol each microcosnw as approximately
0.24 m® anev as fille&v ith fine 1j er sand in the top 50 cm
(diameter: 1 2 mm), coarse sand in the moderate 30 cm
(diameter: 4 6 mm), and 213 el in the bottom 30 cm (diam-
eter: 50 85 mm). V7 aswe ater used in the study as a modi-
fied Hoagland nutrient solution (Liu et al. 2015).

Planting and op-eration patterns o the YESY microcosms
w ere consistenw ith those described in Liu et al. (2015).
Briefly, Tour mactophytes used commonly in (ol systems
(Iris pseudacorus, Canna glauca, Scirpus validus and Cype-
rus alternifoliusy ere transplanted into YFS' units iolly -
ing three plant species richness 1$Ccls: unppplantcd (UNP);
monocultured indj iduallyw ith iour dinierent species
(MONO); and fom-spccics mixture (MI z). Each planted
tlccatmcnw as repeated in @ e YFSV units (n=5, each
o the 5 unitv as considered a replicateyv here each unit
1ecej ediour plant seedlingw ith an equal number o plants
assigned to each speciesZ hang et al. 2011). The MONO
plantin gincludcdioux treatments planted indj iduallyv ith

Tour species, occupying 20 YESV' unitsw hile the MI 3
treatment consisted ol 1 out species, and occupied 5 YESVI
units. Y e considered 20 monocultured plantings as 20 1epli-
cates in the statistical analysis. YESVI systems operatedv ith
the samév ater loading rate (0.2 m? days !) and hydraulic
retention time (10 days) during the entire experiment (Liu
et al. 2015). This operation schedul®v as repeated i1om May
to August 2013.

At the end o August 2013, three sand sub-samyples in
each YFS'w ere collected dy n to 30 cm deypth using a
spade, since Liu et al. (2015) shy ed the substrate layer
actoss 30 cm deptlw as the optimal area ior 7ungal deni-
trification actj ity in the YFSM system. Sub-samples in
each YFSMv ere mixed into a composite samplév hich

W as sig ed (2 mm) and immediately collccte% in separate
Z iplp bags. All ccom},ositc samplew ere rerrigerated at
4°C until analysis oo PFDR.

Cycloheximidew hich can inhibit protein biosynthesis
of fungi but not bacteriap as amended to sand samples
fo i estigate fungal denitrification actj ity (Herold et al.
2012). The curzent study utilized a slight modification, i.e.
the optimum dose o cycloheximid#v as 2.8 mg g ldry

w eight (& ) according to our pre-experiment (data not
sho n), rather than 2.0 mg g 'W as suggested by Herold
etal. (2012). The PFDRv as calculated by subtracting N,O
production o the substratev ith cycloheximide i1om the
N,O production o the substratev ithout the inhibitor.

W enty grams ol i1esh composited samplew ere used
in all treatments. C amendment incubationv ere used to
measure the potential N,O production o samplew ith addi-
tion ol different C substrates includin g glucose (GL), sodium
succinate (SS), sodium citrate (SC), methanol (ME), ethanol
(ET), glycerol (GL ,) and sodium acetate (SA), iv hich
potassium nitratev !s used as a “inducing substrate” Tor
denitrification actj ity (10 mgtN g 'W , Castaldi and Smith
1998). The application dose o1 different C amendmentw as
5mgC g 'W . Similar to the abg e, different N compounds
including aspartic acid (AA), ammonium chloride (AC),
sodium nitrite (SNI) and sodium nitrate (SNAW ere used
to measure the potential N,O production, The application
dose o different N amendmentw as 10 mgN g 'W ,andall
N amendment treatment® ere simultaneously addedv ith
GL to induce heterotiophic actj ity (S mgC g "W , Seo and
DeLaune 2010). At the same time, unamended (UNA) treat-
ment®v ere also included i ot comparison. The pH effects

w ere proposedv ith pH=2.8, 5.6 and 8.4 by addition o
1.0 mol L ! HCI1 or NaOH solution into sand substiates,
and the substrate unamendedv ith HCI or NaOH solution
(UNAW as used as the contiol. All stock solutionwv ere
made i 1esh, and indj idually applied info the serum bottles

w ith an#v ithout cycloheximide in 500 pL o 100 mmol L !
solutions per 10 gof i1esh sand sample (Herold et al. 2012).
All treatmentv ere pcﬂoImcd in triplicate.
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All bottlesv ere thmctically sealedv ith rubber stop-
pers prior to the addition ol acctylcnc (10% é ). Sam-
ple and solutionwv ere gcntly mixed ior 10 min on a IO]]CI
bed to ensure mixture o sand slurry and solubilization ol
acetylene. Sample slurriew ere incubated at 20°C ior 8 h,
al tew hich, gas samplew ere dfd n ixom each bottlav ith
a syringe (Herold et al. 2012) and transi erred into ¢ acu-
ated gas-tight bags (50 mL, Delin Gas Packaging, Dalian,
Northeastern China). N,O concentration¥ ere determined
by using a gas chromatography (Shimadzu GC-14B, Kyoto,
Japanyv ith an ©Ni election capture detector (ECD) and a
80/100 Poropak Q column (3 m) using an ar gon-methane
mixtuze (95% argon and 5% methane) as the carrier gas (fioy
rate 40 mL min '). Column and detector temperaturew ere
set at 65 and 300°C, respectj ely. Finally, N,O datav ere
cop erted toug g 'W o sand sample per day (days ') (Liu
et al. 2015).

Statistical differences bav een the means or PFDR data

w ere tested usingw o¥ ay ANOYA iiw hich the different
amendments and plant species richnesw ere used as fixed
Tactots. Honestly significant differences (HSD) iora multiple
mean comparison®w ere obtained using the Tukey test at
p=0.051lg el. This St%tif,‘ticalc analysiwv as }.exfoxmcdv ith
the SPSS statistical so areior V' indy s‘g ersion 11.5).

Results and Discussion

Under the same plant species richness lg el, all C amend-
ments significantly increased PFDRs in YESV g compared
w ith the UNA |Fig. 1 (p<0.05), Table 1]. Among C amend-
ments, both SC and GL _ amendments increased the PFDRs
in the UNP treatment, %ut both GL and SS amendments
increased the PFDRs in the MONO treatment. CO{} ersely,
only SC increased the PFDR in the MI y treatment (Fig. 1)
Undc1 the same C amendment condmon therav as no dii -
ietence in PEDRs bav een the thiee plant species richness
lg els (p>0.05, Fig. 1; Table 1). At the same time, these
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Tablel ¥ ov ay ANOYA o the potential |ungal dcmtnﬁcatlon
tates using amendments and plant species richness Ig el as fixed Tac-
tors

Fixed | actors Tcypc Msum &. F Sig.
O squares

Carbon amendment (A) 48.31 7 16.85 <0.01
Syecies richness (B) 0.04 2 0.05 0.96
A B 2.37 14 0.41 0.97
Nitrogen amendment (A) 116.81 4 33.32 <0.01
Syecies richness (B) 4.55 2 2.60 0.08
A B 10.21 8 1.46 0.18
pH amendment (A) 0.38 3 1.37 =0.05
Syecies richness (B) 0.15 2 0.84 0.78
A B 0.36 6 1.66 <0.05

PFDR patterns acioss thiee species richness Ig els did not
shg any significant difference among C amendments as
she nbyw ov ay ANOYA (p>0.05, Table 1).

It is kng n that C compounds act as electronic donots
and ener gy sources during denitrification, so some dissq) -
able C sources may affect denitrification rate inv etlands
(Fawt etter et al. 2009). Studies on effects o C compounds
hg e mainly iocused on denitrification dr\; en by bacteria
and less so on denitrification d1\1/. en by rungi. In the current
study, s¢ en C compound amendments differently enhanced
PDFRs in all YES gsubstrates comparedv ith the UNA,
shy ingthe importance o dissq] ed C compounds in medi-
atin giun gal denitrification. Except ior methanol and ethanol,
{i eother compounds hg e ol ten been i ound in 100t exudates
(Haichal et al. 2014). Bais et al (2006) reported that up to
40% oi 100t exudates derj cd i rom photosynthetic product
dominantly se; ed as C sources ol |ungl in soil.

Comparedv ith the UNA, all N amendments significantly
increased PFDRs in all YES ¢ substrates under the same
Plant species richness |Fig. 2 (p<0.05), Table 1]. Among
our N amendments, SNI increased the PFDR (Fig. 2) in all
treatments. Plant species tichness did not shg  a significant
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Fig. 1 Mean+SD potential fungal denitrification rates ofv arious
plant species richness as influenced by catbon amendments. UNA
unamended, GL glucose, SS sodium succinate, SC sodium citrate,
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ME methanol, ET ethanol, GLY glycerol, SA sodium acetate, UNP
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cies mixture. Significant differences tested at p=0.05



Bull Eg iron Contam Toxicol (2017) 99:748 752
Y

751

5.0 OUNA
s DAA
EET 40
HET OSNA
287 30 BAC
8™ mSNI
22,20
2 B
£g % 10
<3
0.0
UNP MONO MIX

Plant species richness

Fig. 2 Mean+SD jotential fungal denitrification rates of y ati-
ous plant species richness as influenced by nittogen amendments.
AA arspartic acid, SNA sodium nitrate, AC ammonium chloride, SNI
sodium nitrite, include all abblg iations in each figure
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Fig. 3 Mean+SD jotential fungal denitrification rates ofv arious
plant species richness as influenced by pH amendments, include all
abbig iations in each figure

eliect on PFDR in all N-amended substrates (p>0.05,
Table 1).

McLain and Maitens (2006) $ aluated effects o1 or ganic
N (p10teins, oligopeptides, and amino acids) and inor ganic N
(NH,*,NO; and NO, ) on'ungal denitrification potential,
indicating oligopeptides and NO, mostly imprg ed N,O
p1oduction potential in soils comparedv ith other N com-
pounds. In the present study, iour N amendments enhanced
the PFDRs to different extents in the substrates compared
w ith the controls, thus confirming Mg ioqu resultyw Pich
1egard N compounds as the dominantiactor 101 drj ing!run-
gal denitrification (McLain and Martens 2006). Amongiour
N comyounds, only SNI enhanced the PFDR in YESV ¢,
Shoun et al. (1991) iound the fungi Fusarium oxysporum
and Gibberella fujikurow ere able to reduce NO; and
NO, into N,O in a dissimilatory manneny hile most other
denitrii yin gfun gi seemed to 1educe only NO, into N,O.
The current findingv as mostly 1elated to the shortening
iungal dcnitliiying patly ay by SNI, since thav hole fun-
gal dcnitIiiying patly ay first passes the trangi ormation o1
NO; to NO, (Seo and DeLaune 2010).

In the current study, UNA substrate had a yH range
o 6.00 6.89. Comparedv ith the pH-unamended treat-
ment, pH amendments ( H=2.8, 5.6 and 8.4) significantly

reduced the PFDRs in UNP treatment (p=0.05, Fig. 3).
This resulw as mostly attributed to the inhibiting effect
o highet H* o1 v et H" on PFDR under the condition

w ithout plants, since Cuhel et al. (2010) shw ed that

higher copy numbers o all denitrification genew ere
only obsey, ed in neutral pH soil. Comparedv ith the pH
2.8 amendment, both 5.6 and 8.4 H amendments gignifi-
cantly increased the PFDRs in the UNCP, MONO and MI 3
tichness lg els, indicating that some 1ungal speciesv ith
a denitrification actj ity might be chosen thiough the sig-
nificant interaction ba¥ een pH amendments and species
richness (p <0.05, Table 1).

The thiee different plant species tichness Ig els did not
sh& a significant effect on the PFDRs under the same
pH amendment (p>0.05, Table 1). V¥ hether this mi ght
be attributed to the shorter duration o the current experi-
ment remains to be elucidated in jurthew ork. Baggs
et al. (2010) and Cuhel et al. (2010) ind idually main-
tained a 24-day and 10-month pH-amendment experi-
ment tespectj ely iv hich the pHv as measured at the
end o the experiment. In their experiments, the soil pH

W as not succcsfully achig ed due to the high buffering

capacity o soil, finally resulting in a return o the yH
%y ard the original pH in a short-term experiment. On the
other hand, the significant interaction b een pH amend-
ment and plant species richness significantly affected the
PFDR (p<0.05, Fig. 3; Table 1). This findingv as likely
related to the changed »H induced by plant 1o00ts, since
26 ious studies demonstrated the monoculture treatment
significantly reduced rhizosyheric yH ( ,ang et al. 2012)
ot the polycultured treatment in01cascd1hizosphc1ic »H
(Marschner and Romheld 1983).

Potential fungal denitrification ratév as determined
using substrate-induced 1espiration inhibition and acety-
lene inhibition methods and compared among the sub-
strates amendedv ith s¢ en C compounds, fj ¢ N com-
pounds and three pH g els. Among s¢ en C amendments,
GL and SS enhanced the PFDRs, but iw as not depended
on plant species richness. Among {j ¢ N amcndmsnts,
SNI also enhanced the PFDR, again independent o1 the
plant species richness. Hy ¢ er, pH treatments affected
the PFDRs differently across substrates and plant species
tichness g els. Plant species richness did not significantly
affect the PFDRs. This is one o the first studies com-
paring PFDR among substrates amende&v ith multiple C
and N compounds ang, aryingpH g els. Results obtained
i1om this study suggest that to enhance the N 1emg al in
YFSVI ¢, C, N, and yH Vactors should be considere# hen
mediating the iunction ol the denitrii yingiungi.
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