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Effect of Heavy Metals on the Denitrification Process in Soil®

JEAN-MARC BOLLAG AND WIESLAW BARABASZ?

ABSTRACT

The effect of Cd, Cu, P%, sad Za os denitrification of three
Pseudomonas-species in 2 Bquid cuiture medium (GHtay) and in auto-
claved soil, ss well as on the denitrifying activity of astive soil, was in-
vestigated. In Gitay medium, Td in concesntrations startimg st 50
ug/mi strougly inhibited growth and denitrification of ze enidentified
Pseudomonas 3p., P. serugincsa, and P. denitrificans, while Za and
PH did a0t influence the denitrifying activity eves up to 500 sg/mi. Ca
at 50 .g/ml mbibited desitrification of 2. seruginosa wnd the sn-
udentified Pseudomonas 1p.; however, it had wo influence on 2. de-
nitrificans. When the three dacteria were inocuiated imto amtociaved
soll their reaction 1o Cd and Ca was similar to that in Glitay mediam,
but the accamuistion of sitrite was cousidersbly higher. Zn, which
showed so effect in the liquid medium at 500 ug/ml, inhibited the
denitrifying sctivity of ail bacteriu in the soil at this conceatration.

Deaitrification = autive (nomautociaved) soll was also imkibited by
the addition of imcreaxing amoants of beavy metals. This was indi-
cated by an accumuintion of witrite and sitrous oxide which appeared
(0 1 lesser degree amd {or s shorter time period in nontreated smmples.

Additional Index Words: heavy metal toxicity, aitrite sccumuls-
tion, sitroms oxide formation, inhibitios of dewmitrification.

Heavy metals are inherent components of soils but to-
day’s councern is related to their accumulation from
man-made applications. Although the average level of
heavy metals can be quite iow, their probable inhibitive
or toxic impact on the metabolic activity of hiving sys-
tems or, in particular, to the natural microflora and
microfauna in the soil can have a deleterious effect on
the quality of the soil and, consequently, on autrient
cycling and soil fertility, There is only limited informa-
tion on the specific physiological effects of heavy metals
on microbes (7, 9, 10). Consequently, their precise im-
pact under various environmental conditions is not yet
clear.

It was the aim of this study to investigate the in-
fluence of heavy metals on the microbial growth under

' Authorized for pubtication on 18 Apr. 978 as Pap. no. 5500 in the
J. Ser. of the Pennsylvana Agric. Exp. Sta. Received 12 May {978.

*Professor of Soil Microbiology and sxchange visitor from the
Agric. Univ. of Cracow {Poland), respectively, Dep. of Agron., The
Pennsylvania State Univ., University Park, PA 16802.
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anaerobic conditions which are often predomin
the biota of the s0il environment. To our know
such investigation has been reported. Since many.
microorganisms are capable of adapting to the deni;
cation process for respiratory purposes, this physigh
cal activity was essentially examined in order 9!
termine the heavy metal effect on microbes in tiwe
sence of oxygen. Since denitrification causes the »
rion of nitrate to nitrite and nitrogenous gases,,
vestigation includes the possible impacts of |
metals on the nitrogen cycle.
Extrapolation of results from pure microbial
to the natural environment has often been g .
but the compiexity of a natural ecosystem such as ¢
does pot often allow us to assign the formation
certain product to a specific physiological peg
Therefore, various systems were used to investi
effect of cadmium (Cd), copper (Cu), lead
Zinc (Zn) on denitrification. The experiments
formed with pure bacterial cultures in a growth
and in autociaved soil under anaerobic conditios
approach, as outlined in a previcus publication
should clarify whether the change from a chemically’
fined liquid to the solid and complex structure of4R
causes an essential chapge in the denitrifying pet
the bacteria—in this case, to the additions of
metals. Since an inoculated, autoclaved scil is still
different from a natural soil, the experiments we
done by incubation of native soil from which ex
tion to field conditions appear more feasible.

MATERIALS AND METHODS

The denitrifying bacteria used in the experiments originated
the foilowing sources. The unidentified Pseudomonas sp. was sk
from Hublersburg silt loam (2), P. aeruginosa was obtained frigéf
cufture collection of the Department of Vlit.mbiologl at the Pe
vania State University, and P. denitrificans from Dr. C. C. Delw
University of California, Duvis. The bacteria were ransfe
autrient agar to liquid Giltay medium and grown for 2 days
before they were used for inoculation of liquid media or autoclavee
soil. Giltay medium consisted of {.0 g KNG, (140 ug NO, -N/ wmi), L,
g t-asparagine, 8.5 g Na-citrate, 1.0 g KH.PO,, 1.0 g MgSO,] ;
0 23z CaCl,-6 H 0O, a.ndO 05 g FeCl,»6 H, 0 in 1 liter dlmlled
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m“idmeqium(wml)indudiuzhehavym&hh “ulated with
‘w,mpofbnehleu&moavﬂld.mem by
Wmommnssommmamuwsm-

aic 20 spectrophotometer. For all experiments, 125-ml Pyrex
e ies were used which were sealed with one-hole rubber stoppers

uipp,dwimcylindrialmbbasepuformﬂmhin(mdmum-
o - The heavy metals used were CA(NO,)e4 HiO, ZaNO,) 6
HAO, Pb(NO!)h and Cu(NQ,),-3 H,0.

The soil used, aative or autoclaved, was a Hagerstowa silt loam
«ith 3 PH of §.75, which was air-dried and passed through a 2-mm
geve prior to the experiments. The indigenous NO, -N concentration
oas 65 #8/8 s0il; organic carbon. 1.8%; and the sand-, silt-, and clay-
gntents vere 8.5, 63.4, and 28. | %, respectively.

For the aative soil experiments 20 g of soil were introduced into
sc bottie and thoroughly muxed with 7 mi of distilled water which
untained 135 ug aitrate/g soil {in order to achieve a total of 200 xg
NO,-N/g soil) and the desired amount of heavy metais. For the
aioclaved soil experiments the bottles containing 20 g of soil were
autociaved three times at 121°C for 45 min. at 24-hour intervals. Be-
sgre the third autoclaving, 4 ml of distilled water containing 135 g
«O.--N/g soil and the desired amount of heavy metals were added to
.pe soil samples. After the autoclaving process was complete, each
flask was inoculated with 3 mi of bacterial cuitures.

Three replicates were included for each treatment, and each experi-
nent was repeated at least once; the reported results represent average
«alues. Samples without heavy metals as well as noninoculated culture
pedia and autoclaved s0il served as controis.

For preparation of anacrobic conditions, 2 syringe needle was in-
sected in the septum and helium at 0.56 o 0.703 kg/cm? (8 to 10 psi)
vas {lushed through the flasks for 1 min. After decreasing the pres-
aure of helium 20 0. 14 kg/cm’ (2pn)thebotﬂamnoppaedﬁ:hﬂy
dlowing a slight positive pressure in order to avoid air contamination.
armospheric contamination could easily be detected by gas chroma-
wgraphic anatysis.

Gas samples of 500 ul were withdrawn from <ach flask with a gas-
agnt syringe and analyzed in a gas-chromatograph (Varian Aero-
graph. modei 1820) using two paralle] columns (2 mm 1.D.) at 50°C
amuitaneocusly. Porapak Q (600 cm, 50-80 mesh) separated CO; and
N,0 and Molecular Sieve S A (450 cm, 45-60 mesh) N, and O,. The
flament current was 200 milliampere (mA) for the Porapak Q and 150
@A ior the Molecular Sieve 5 A column. Helium was used as a carrier
as u a flow rate of 40 mi/min under 3.16 kg/cm’ 45 psi). Dug.l
-permai conductivity cells at 200°C served as detectors. The peak
weas were integrated automatically (Varian Aerograph, model 477)
and the gas quantities caiculated from standard gas curves. Increased
gressure in bottles rsulting from gas production was measured by 2
sunometric device, and the total gas volume and amount of detected
gases were calculated accordingly.

Nitrate-N, NG, ™-N, and pH were determined in the liquid media

after removal of the cells and in t,__Jil after extraction with distilled
water at aratioof 40 mi of 20 g ied soil for 30 min on a ‘Wrist-
Aaiqn’shku.mwﬂmwmmemmmphmhy

Nitrate-N disappearance was measured with & nitrate electrode
(Orion Research, Inc., Cambridge, Mass.) after destroying interfering
nitrite by addition of a 2% suifamic acid solution. Nitrate-N produc-
tion was determined colorimetrically by the a-naphthylamine-sul-
fanilic acid procedure (1). .

RESULTS

Three Pseudomonas species were selected to investi-
gate the effect of Cd, Cu, Pb, and Zn on the denitrifica-
tion process of isolated bacteria. P. zeruginosa and P.
denitrificans reduced aitrate to nitrogen gas, while the
end-proeduct for the aonidentified Pseudomonas sp. was
N0 (4).

Effect of Cd, Cu, Pb, and Za on Denitrification
in 2 Liquid Growth Medium

Different concentrations of the heavy metals were
added to Giltay medium and, after several days of incu-
bation under anaerobic conditions, NO,-N dis-
appearance, NO,-N formation, evolution of gases,
change of pH, and growth were measured. Growth and
denitrification of the Pseudomonas sp. were sirongly in-
hibited by Cu and Cd; Cu was already highly =ffective at
2 xg/ml while Cd showed clear inhibition at 3 xg/ml and
complete suppression of growth and nitrate reduction
was observed at 50 ug/mi (Table 1). Zinc and Pb had
virtuaily no effect on denitrification of the Pseudomonas
Sp. at concentrations of up 0 500 ug/mi, as indicated by
the formation of N,O.

P. aeruginose was also inhibited by Cd and Cu if
incubated for 3 days under anaerobic conditions, but Ph
and Zn did not influence growth and denitrification at
concentrations of up to 400 ug/mi (Table 2). It was
interesting to observe that Cd had an inhibitory in-
fluence a¢ 10 xg/mi, which caused the accumulation of
25 ug/ml of aitrite, while Cu interfered with denitrifica-
tion at higher concentrations. This interference resulted
in the formation of nitrite which apparently could not
be further reduced to N; at 50 ug/ml Cu.

Table 1—Effect of differsnt concentrations of Cd, Cu, Pb, and Zn ou denitrification by a Pseudomonas sp. in Giltay medium
{anaerobic incubation for 4 days at 28°C).

Nitroge Total Growth

Conc. 23 NO,~ as NO,- as N,0t as N, detectedt Co, {OD 550 nm) pH
ug/mt

Noninocuiated 148.8 0 0 0 1488 0 0 12
Inoculated 29 0.1 103.4 ¢ 106.4 82 0.16 8.4
cd 5 28.5 0.1 84.1 0 110.7 118 0.16 83
10 74.8 0.1 54.4 0 129.1 16.5 0.11 8.1
25 1118 0.1 20.5 0 138.2 14.3 $ 006 18
50 147.3 1.2 0.3 0 148.8 28 .01 1.2
oy 2 111.4 tr 21.2 0 132.6 10.6 2.06 1.1
5 1270 tr 10.9 0 137.9 10.8 0.03 1.5
10 126.8 tr 72 0 134.0 938 0.02 14
25 135.0 tr 3.4 0 138.4 19 0.02 7.3
> 50 3.1 15 100.5 0 1101 73 0.16 8.4
100 10.9 15 95.5 0 1079 8.9 0.18 8.4
250 13.2 12 93.2 ¢ 107.8 109 028 83
L 50 238 0.8 105.9 0 109.5 9.5 0.18 8.4
100 5.2 0.1 103.4 0 108.7 115 0.17 8.3
250 78 0.1 97.8 0 108.7 27.0 0.17 8.0

! No corrections were made for the sofubility of N,O end consequently it was not possible to detect the total N at an increasing pH with the applied analytical
Tethods.
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Tubie 2—Effect of differest colsedtrations of Cd, Cu, Pb, and Zn ou denitrification of Fheudomonas seruginose in Giltay
(anservhic incubation for 3 days at 28°C).

Nitrogen
Totsl N Growth
Cone. as NO,- as NO,- as N,O as N, detected CO, (OD 550 nm)
ng/mk
Noninoculated 139.4 i) 0 0 139.4 0.4 Q
inoculsted 1.8 0 0 140.5 142.3 14.8 0.4
Cd 10 33.5 25.0 9 §2.2 i20.7 27.3 0.26
25 817 4.1 9 43.9 119.7 31.0 0.18
50 121.3 1.2 0 1.1 123.8 20.3 2.03
100 135.3 0.1 ] 9 136.4 8.5 0.005
Cua 5 2.2 ] ] 131.5 133.7 18.7 0.30
iQ 18 ) 9 130.4 132.2 20.8 0.24
25 7.8 20.0 0 101.5 129.3 42.7 Q.18
50 117.3 20.9 9 b1 198.2 15.6 0.04
Pb 50 2.0 0 [V 139.3 141.8 20.3 0.54 :
100 1.3 0 [\ 138.7 140.8 22.3 0.47 i
200 2.2 tr b 136.5 138.7 22.3 9.56 : !
400 2.1 tr 9 139.7 141.8 33.9 0.50 !
Zn 50 2.3 tr b 141.0 142.3 24.1 0.41 1
100 2.1 tr 0 142.4 144.5 27.2 0.40
200 20 r 0 138.4 140.1 41.6 0.42
400 2.1 tr ) 32,7 184.8 9.5 0.46

P. denitrificans (Table 3} proved to be much more re-
sistant to the inhibitory effect of the heavy metals at the
investigated concentrations than the other two bacteria.
Omly Cd, at a concentration of 100 xg/mi, affected de-
nitrification and caused the accumulation of nitrite, but
growth was aiready reduced at iower concentrations.
This appears to indicate that the suppression of denitri-
fication is not correlated only to growth.

The formation of CO; couid not ailways be related to
growth. {t has been previously shown that, under cer-
tain conditions, if the denitrification process was re-
duced or suppressed, a corresponding increase in CO,
formation took piace (3). There is no clear expianation
for this observation. .

Effect of Cd, Ca, PY, and Za om Denitrifiers
in Antochved Seil
When autoclaved soil was inoculated with the thrce
Pseudomonas species and incubated under anaerobic
conditions, an inhibition of denitrification was observed

Table 3—Effect of different concentrations of Cd, Cu, Pb, and Za on denitrification of Pseudomonas denitrificans in Glltay me&un
(anaerobic incubation for 3 days st 28°C).

at most levels of all the heavy metals tested.
contirol soil, to which no heavy metals had been
practically ail nitrate was volatilized to N,O (unid
fied Pseudomonas sp.) or N, (P. aeruginosa and
nitrificans) during 4 days of incubation. The soif
plied with Cd, Cu, Pb, and Zn starting at 10 ag/g
showed an inhibition of denitrification, as indicate
the remaining amouni of NG, -N or the accurmed
of NO,"-N and N.O (Fig. 1).

Copper was the most effective inhibitor of denitrif
tion for the unidentified Psewdomonas sp.; Cd
caused less inhibition, and the inhibitive influence of
was very limited even at a concentration of up to 1,
ag/ g s0il (daia aot presented}. Aithough a clearly in
tive effect of denitrification couid be determined ¥
this bacterium, it was never possibie o detect
cumuiation of nitrite. 2

The relative inhibitive effect of the varioas
metals on denitrification of P. aeruginosa macy
into the soil was similar to that of the unid

o

Ni
itrogen Total N Growth
Conc. as NO, as NO,” as N,O as N, detected CO, {OD 550 am}
»@mi
Noninoculated 142.0 0 0 0 142.0 Ei] Q
Inoculated 2.1 1] 0 139.1 141.2 18.8 0.43
Cd 1 2.8 g 0 136.5 139.3 23.3 0.32
25 2.8 0 0 139.4 142.2 224 .19
0 3.2 0 i) 133.9 136.1 21.2 Q.12
100 7.5 20 i 103.4 130.9 42.8 0.12
Cu 5 2.1 0 Q 1313 133.4 i8.3 0.28
10 2.1 0 0 132.3 134.4 20.4 0.23
25 2.1 0 0 139.1 141.2 24.3 0.23
50 2.7 0 3 139.5 142.2 28.8 0.22
Py 50 2.1 Q 0 138.4 140.5 20.3 0.42
100 2.1 0 0 138.0 140.1 23.4 0.45
250 21 Q 0 131.1 133.2 30.0 Q.51
500 2.1 0 1 132.3 134.7 43.0 0.58
Zn 50 2.1 0 1] 1340 136.1 24.6 0.32
100 2.1 0 0 132.6 134.7 28.3 0.33
250 2.1 0 [} 138.3 141.0 33.0 0.34
500 2.1 0 0 132.1 139.2 92.5 0.48

198 J. Environ. Qual., Vol. 8, no. 2, 1979




%

g

NITROGEN, 4g/g soM
b
8

_S3-.
NS
N B

% NITRATE

B vane

502 i ?
o %%
inocuiated Cd Cu Pb Zn
Non- control
inoculated 10 ugig 30 »g/g 100 ugig 250 uglg
control
200 PSEUDOMONAS AERUGINOSA

3 = ] — 1 — 7 ! —

o 3 ! ‘ P | l r‘

3 o Db
N g 100} Do [

e o |

& |

i = ~ i

T' Z so- { l H

fﬁ‘” ” o i

o2 ¢ (/4 % R e IO 7 /.

o incculated Cd Cu Pb Zn Cd Cu Pb Zn

e Non- controf
Bt inoculated 10 4g/g 50 40/g 100 .g/g
i control
‘ PSEUDOMONAS DENITRIFICANS
. :‘, l‘. m" PR —

) — ’—“
L = —e] ;L——' I
Vi 2 N P
L > 150} Lo
nr k-] ;

. < !
Z 100f 2
o] w
. b ‘
‘ «

= 50+

Ca z !

3 0 : ~
e Inocuiated Cd Cu Pb Zn

. Now- control

g inoculated 10 x9/g

e control
.gf

al

Fig. 1—Effect of various concentrations of Cd, Ca, Pk, and Za on the denitrifying activity of an unidentified Pseudomonas sp., P. aeruginosa, and
P. denitrificans m satoclaved s0il. (Aaserodbic iscabation {or 4 days at 28°C). »

Pseudomonas species (Fig. 1). It could be determined
that increasing concentraticns of Cu, Cd, and Zn
caused higher accumulation of nitrite. The addition of
100 pg Cu per g soil caused the formation of 41 xg/g
NO,™-N and 250 ug Cd per g soil resuited in the ac-
qumuiation of 52 ug/g NO,-N (Fig. 2). The inhibitory
3  nfluence of Pb was minor up to SC0 ug/g soil, but at 2
3 concentration of 1,000 ug/g soil {data not presented), it

-aused the accumulation of about 17 ug NO." per g
soil. All investigated heavy metals caused the formation
of N;O by P. geruginosa. However, this observation

could not be made with Cu at concentrations above 100
ug per g soil.

P. denitrificans (Fig. 1) was, as in the liquid growth
medium, more resistant to the inhibitive influence of the
heavy metals than the other twe bacteria. However, it is
remarkable that Cd was the most effective inhibitor for
P. denitrificans and the accumuiation of a considerable
amount of NO,~ occurred.

Simultaneously with the gas chromatographic de-
termination of N,O and N,, the evolution of CO, was
measured. Generally, it could be coserved that an in-
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tive effect of the heavy metsw.on denitrification
cgused 2 decrease of CO, formation.

gffect of Cd, Cu, Pb, and Zn on Denitrification
in Native Soil

Soil, which was not autoclaved and not inoculated
«ith pacteria, was also supplied with various concentra-
Lions of heavy metals and incubated for 3 weeks. Every
+ davs the denitrification activity of the soil was meas-
;rcd’ in individual samples (Fig. 2). Increasing concen-
qations of heavy metals caused inhibition of denitrifica-

n as indicated mainly by accumulation of N.O or i-
mite. The response varied with the varicus elements: Pb
yas least effective followed by Zn, Cd, and Cu. Nitrite
wcumutation was got observed in the nontreated and
po-suppiied soil samples, but Cu and Zn caused a tem-

rary formation of nitrite, and soils treated with SO0
g Cdoer g soil retained a considerable amount of ni-
mite cven after 3 weeks. Simultaneously, it could be ob-
werved that while N,O formation decreased in uatreated
swil during 3 weeks, an accumulation of this gas
occurred with increasing concentrations of Cd, Cu, Za,

ph. -
migain it was possible to observe (data not presented)
that with an increasing inhibition of the denitrifying ac-
dvity 2 decrease of CC, formation took place.

DISCUSSION

The denitrifying activity of variocus microorganisms
o Giltay medium and autoclaved soil was compared
with that of native soil after exposure to different con-
centrations of heavy metais. The selected bacteria
showed different responses to the addition eof heavy
metals in the investigated environments. The unidenti-
fied Pseudomonas 3p. which produced N,O as the end
product of denitrification was most sensitive to the in-
fluence of Cd, Cu, Pb, and Zn, while P. geruginosa was
less inhibited i its growth and denitrification by the
tested heavy metals and P. denitrificans was affected in
Giltay medium by only Cd.

In general. it could be determined that Cd was the
metal with the strongest inhibiting influence on denitri-
fication. It reduced the growth of bacteria, decreased
the evolution of N,O, N; and generally of CO,, aand
aused the accumulation of large amounts of nitrite.
Nitrite accumulation was mostly observed in the liguid
sedium and in soil inoculated with P. geruginase and
P. denitrificans.

Zinc, which had no effect on denitrification tn Giltay
medium at concenirations of up to 500 gg/ml, inhibited
wtrate reduction of all bacteria in the inoculated soil as
vell as in the native soil. Cu affected the tested denitri-
nng bacteria to a similar extent in Giitay medium and
1 the autoclaved soil. Inhibition of the denitrifying ac-
ity by Cu was most proacunced with unidentified
Meudomaonas sp., while P. aeruginosa and, in particu-
W, P. denitrificans were less affected.

It is cemarkable that Cd and Cu caused inhibition of
imirification in Giitay medium at lower concentrations
®an were necassary for suppression of denitrification in
wil, while Zn did not affect the bacteria in the liquid

medium, but causé®nhibition of denitrification in the
soil.

Lead was the heavy metal in our study that had the
feast effect on denitrification. It caused virtually no in-
hibition of the nitrite-reducing enzyme system (e.g.,
compare the denitrification activity of P. denitrificans
in autoclaved soil) but, in several cases, an accumula-
tion of N,O was observed in the presence of Pb. Foully
(5) found under aerobic conditions that Pb at 100 ppm
completely suppressed gram positive bacteria in vitro,
bur it did aot inhibit bacteria in soil. He concluded that
PY is attracted 5y clay-bumic complexes and, therefore,
becomes unavailable for microorganisms.

All these cbservations coafirm the conclusions from
Sadler and Trudinger (9) that inhibition of microbial ac-
tivity by heavy metals is specific, both for each
organism and sach metal.

The accumulation of nitrite during denitrification
under adverse conditions has been observed in our pre-
vicus investigaticns. Certain unfavorable environment-
al growth conditions (2), various pesticides (4), nitrifica-
tion inhibitors {(6), and heavy metals, as reported herein,
can cause the accumulation of uitrite which is wsually
not found during the denterification process. This
observation might indicate that the nitrite reducing-
enzyme system is more iensitive to nhibitory influences
than the nitrate reductase system. It 8 worthwhile to
emphasize this fact, since the temporary or permanent
accumulation of nitrite can cause concern from an en-
vironmental point of view.

The reported results with pure cultures of denitrifiers
in a liquid medium and autoclaved soil, as well as with
pative soil, clearly indicate that the investigated heavy
metals reduce denitrification activity of microorgan-
isms. It can be concluded that heavy metals interfere in
the microbial activity under anaerobic conditions,
which implies an additional potentially disturbing im-
pact of these compounds in the environment.
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