











Short-Term Antibiotic Effects on Respiration and Bacterial Growth
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Figure 5 Results of type-II major axis regression between glucose-
activated respiration and bacterial growth, measured as Leu incorpo-
ration, in the bronopol experiments, including only values fulfilling the
criterion of bacterial growth inhibition by up to 90% to avoid possible
non-target effects at the highest inhibitor concentrations (solid lines).
Positive relationships between the glucose-activated respiration and
Leu incorporation were found in both the arable (a, R*=0.94, p<

performed for all antibiotics to avoid the linearity assumption
of the regression analysis. The inhibition of the glucose-
stimulated respiration at 90% bacterial growth inhibition
(Figs. 3 and 4) was estimated for all the six antibiotics
(Table 1), ranging from 0% following streptomycin to 90%
of the glucose-stimulated respiration following bronopol. It
was not possible to obtain a result from the cycloheximide
data from either soil since the bacterial growth could not be
efficiently inhibited (Figs. 3a and 4d, Table 1).

Discussion

Using Leu incorporation, the near complete inhibition of
bacterial growth in the arable soil following the addition of

Table 1 Respiration inhibition at 90% bacterial growth suppression
using the three bacterial inhibitors streptomycin, oxytetracycline and
bronopol, and the three fungal inhibitors cycloheximide, benomyl, and
captan

Inhibitor Inhibition of total Inhibition of
respiration (%) glucose-stimulated
respiration (%)

Streptomycin 0 0

Oxytetracycline 10 15

Bronopol 65 90

Cycloheximide - -

Benomyl 30 40

Captan 45 55

Cycloheximide did not inhibit bacterial growth sufficiently (far below
90%) and was thus not available (-) for this analysis. Calculations
were performed in relation to both total respiration and the respiration
stimulated by glucose addition only, subtracting the basal background
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0.0001) and in the forest soil (b, R>=0.81, p<0.01). Dotted extensions
of the solid lines indicate extrapolations of the linear relationships to
zero bacterial growth. The horizontal dashed lines represent the
average respiration without glucose. A similar analysis, estimating the
inhibition of glucose-stimulated respiration at 90% bacterial growth
inhibition achieved with the antibiotics, can be found in Table 1

streptomycin was demonstrated. This inhibition was,
however, not reflected in the glucose-activated respiration,
which remained unaffected by streptomycin even at very
high concentrations (Fig. 2a). Oxytetracycline also
inhibited bacterial growth completely, with only marginal
suppression of the glucose-activated respiration at the
highest concentrations (Fig. 2b). The bactericide bronopol,
on the other hand, reduced respiration by 90% at complete
bacterial growth inhibition (Fig. 2¢), indicating either that
the bacterial respiration contribution was much greater than
indicated by the other two antibiotics or that bronopol had
severe non-target effects. Non-target effects of bronopol
have been reported by Lin and Brookes [22] up to 20 days
after application using the SI technique and corroborated by
microscopy methods. However, since none of the biocides
designed to inhibit fungi suppressed glucose-activated
respiration to the same degree as bronopol (Fig. 3), it is
unlikely that the respiration inhibition by bronopol was
derived from non-target effects on fungi in the studied soil.
Also, it was recently reported that bronopol efficiently
inhibited bacterial growth in soil after 3-5 days’ incubation
without negative, but on the contrary dramatic positive
effects on fungal growth [34]. Increased growth of fungi
8 days after adding bronopol has also been reported by
Feeney et al. [15], corroborating its lack of non-target
effects. Bronopol has also been suggested as a suitable
agent against bacterial disease in mushroom crops [46].
Thus, only bronopol appears to fulfil the requirement that
the inhibition of bacterial growth results in the same
inhibition of respiration. Most strikingly, streptomycin, but
also oxytetracycline, is not suitable for determining the
bacterial contribution when using short-term glucose-
activated respiration as a measure of bacteria in the SI
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technique. It could be argued that streptomycin was
particularly impotent in the soil communities here studied.
However, there have been several previous reports of the
inability of streptomycin to inhibit bacterial respiration in
soils [9, 20, 28, 38]. Furthermore, early pure culture studies
on the mechanism of streptomycin showed that bacteria
were affected at concentrations where no effect on
respiration was found irrespective of whether glucose was
added or not [31]. The unambiguous ability of streptomycin
to inhibit leucine incorporation clearly demonstrates that
streptomycin was indeed available to affect the microbial
community, disqualifying insufficient bioavailability as a
candidate explanation for the absent effect on respiration.
Thus, there was no indication that streptomycin had
uncommonly low potency in the studied soil. The same
was also true for oxytetracycline, of course.

As stressed by Bailey et al. [9] and West [44], and clearly
evidenced by the results of the present study, the choice of
inhibitors will affect the resulting fungal:bacterial ratio, even
if the combination fulfils the criterion IAR=1. There is an
inherent trade-off between achieving efficient inhibition of
the microbial groups and avoiding the deviation of IAR from
unity. The less complete the inhibition of the fungi and
bacteria, the less the chance of non-target effects, since a
relatively small suppression of something minute (due to
suboptimal inhibition) may be undetectable. As there are no
formal criteria for optimal suppression in the SI technique,
many Sl-based studies have probably been carried out using
suboptimal inhibition of fungal and bacterial respiration,
especially when care has been taken to ensure IAR=1 [42].
Consequently, the fungal:bacterial ratio obtained using SI
will be entirely dependent on the choice and concentration of
antibiotics. For example, in a study on the optimization of
antibiotics for SI in four different soils, Bailey et al. [9] used
bronopol in three and oxytetracycline in the fourth soil,
together with the fungicide captan in all four soils. The
oxytetracycline-treated soil showed a roughly 15 times
higher fungal:bacterial ratio than the three soils treated with
bronopol. One interpretation of this, suggested by the
authors, was that the oxytetracycline-treated soil had a very
different composition of fungi and bacteria. Another inter-
pretation, suggested by the results of the present study, is that
the ability of oxytetracycline to inhibit bacterial respiration
was significantly lower than that of bronopol, resulting in a
severely underestimated bacterial contribution to glucose-
activated respiration. A similar observation was also made
by Bailey et al. [9] when discussing another study [8],
where changing from oxytetracycline to bronopol also
affected the fungal:bacterial ratio (0.79 vs. 1.13). Since
Bailey et al. [9] found that streptomycin resulted in very
limited inhibition of respiration, the use of this bacterial
inhibitor would of course have yielded an even more
extreme fungal:bacterial ratio.
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The efficiency of bronopol to inhibit respiration in the
arable soil (Fig. 2c¢) indicated that it might be suitable for
resolving the bacterial respiration in soil. Furthermore, by
using the Leu incorporation technique, the concentration
inhibiting almost all bacterial growth could easily be
determined, avoiding high concentrations with possible
non-target effects. Thus, only 80 pug g ' (arable soil) and
160 ug g ' (forest soil) was needed to inhibit 90% of Leu
incorporation, which is considerably lower than the concen-
trations commonly used in SI, 500-2,000 ug bronopol g~
[9, 43]. Based on the data from these low bronopol additions,
the bacterial contribution to the additional glucose-activated
respiration was 90% in the arable and 33% in the forest soil
(Fig. 5, Table 1), which is in accordance with fungi being
more important in the latter soil type (see below).

Two of the three applied fungicides had pronounced
non-target effects on bacteria. Benomyl and captan both
inhibited bacterial growth completely, and reduced the
glucose-activated respiration by about one third (Fig. 3b, c).
The concentrations of captan that inhibited bacteria were far
below those commonly used in the SI technique, 2-32 mg
g ' [8, 9, 43]. These results clearly demonstrate that captan
and benomyl were poor choices for the SI technique.
Captan has also been shown to affect Leu incorporation
negatively in sediment [45], corroborating its non-target
effects. Bailey et al. [9] found that, in one of four studied
soils, the combination of bronopol and captan violated the
IAR criterion, which was interpreted as non-target effects
by bronopol in this soil (circumvented by combining captan
with oxytetracycline in their study). The results of the
present study indicate that captan, rather than bronopol,
exhibited pronounced non-target effects. The parallel study
of bacterial growth using Leu incorporation and respiration
measurements thus not only enables the affirmation of the
efficiency of the bactericides, but can also elucidate
possible non-target effects of the fungicides, which is an
important improvement compared with relying on the IAR
criterion.

Cycloheximide had only minor effects on bacterial
growth below 10,000 pug g ' in both the arable and the
forest soil, and thus showed promise as a possible fungal
inhibitor in the SI technique. The fungal biomass estimated
using ergosterol extraction was 5.22+0.08 mg g ' in the
forest soil and 0.17+0.01 mg g~ in the arable soil (mean=
SE, unpublished results). If cycloheximide was able to
resolve the fungal contribution to glucose-activated respi-
ration, the inhibition should consequently have been higher
in forest than in arable soil. However, there was no
indication that the fungal contribution to glucose-activated
respiration, resolved by cycloheximide, was higher in forest
than in arable soil, and there was no indication that the
decline in glucose-activated respiration at the highest
concentrations of cycloheximide was not derived from
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bacterial growth inhibition (Figs. 3a and 4b). Thus, it is also
doubtful whether cycloheximide can be used to resolve
fungal respiration in the soils here studied.

The need for glucose activation, when studying respira-
tion inhibition, has been reported frequently [1, 40]. In our
study, the glucose addition did not increase bacterial growth
during the first few hours after addition, irrespective of the
concentration used (Fig. 1), and thus bacterial growth rates
stayed at pre-addition levels. No increase was seen in
bacterial growth up to 9 h after glucose addition [21],
neither has evidence been found of an increase of dsDNA
during this time frame [26]. This clearly shows that glucose
addition does not affect bacterial growth during the first
few hours. Consequently, negative treatment effects such as
those of antibiotics can readily be studied with growth-
related techniques without any requirement for substrate
activation, as opposed to respiration measurements.

The basal respiration following the addition of most
inhibitors tended to increase at the highest concentrations
(Figs. 2, 3, and 4), and was most apparent in the case of
benomyl (Fig. 3¢). There are three possible explanations for
the lack of decline, or increase, in basal respiration
following inhibitor application. (1) The organic compounds
that were applied to inhibit different microbial groups could
have been used as substrate, (2) the biocidal effects on the
target group could have released nutrients previously
locked in biomass, or (3) effects of competitive release
could have increased resource availability to the unaffected
microorganism group. All three explanations suggest that
decreased respiration at higher inhibitor concentrations may
be confounded by increased respiration due to increased
substrate availability. Applying a surplus of glucose during
the interval of study circumvents the possible effects of
antibiotics on substrate availability, as no further increase in
respiration will be possible (cf. Fig. 1). The requirement for
glucose addition (substrate activation) to allow for detection
of respiratory inhibition effects may thus be partly due to
elimination of one or more of the listed confounding
substrate-related effects of added antibiotics.

Microbial growth and respiration are partly uncoupled,
reflecting anabolic and catabolic processes, respectively. It
is unlikely that microbial catabolism is inhibited without
affecting anabolism, although respiration can be uncoupled
from growth inhibition, at least in the short term (e.g.,
bacteriostatic substances). Consequently, the application of
an antibiotic may affect growth and respiration differently.
Indeed, the decoupling between respiration and growth
response to e.g., streptomycin application has been fre-
quently reported [9, 20, 28, 38]. To reiterate the design of
this study, if the bacterial inhibitors would affect bacterial
growth and bacterial contribution to SI respiration similarly,
and the fungal inhibitors would affect fungal contribution to
SI respiration without affecting bacterial growth adversely,

this would constitute strong validation of the SI technique.
In the absence of this correlation between anabolic growth
and catabolic respiration, any criterion to confirm the
affirmed ability of the inhibitors remains elusive and
objective means discriminating between different SI esti-
mates of the microbial community depending on applied
inhibitors intangible.

By combining data on bacterial growth and respiration,
this study has demonstrated that the conclusions derived for
fungal and bacterial ratios using the SI technique with any
of the antibiotics streptomycin, oxytetracycline, benomyl,
and captan should be viewed with caution. These four
antibiotics violate the fundamental assumptions of the SI
technique. The bactericides, most strikingly streptomycin
but also oxytetracycline, do not inhibit bacterial respiration
even at complete inhibition of bacterial activity measured as
growth, and the fungicides benomyl and captan efficiently
suppress non-target bacteria. Thus, the bacterial contribu-
tion to glucose-activated respiration is greatly underesti-
mated in most studies based on SI using oxytetracycline
and especially streptomycin. Furthermore, the non-target
effects of the fungicides benomyl and captan prohibit their
use for resolving fungal respiration. The primary concern,
though, is the fact that the estimation of fungal and bacterial
respiration contributions is entirely dependent on the choice
and concentration of inhibitors (the nine possible combina-
tions from the six inhibitors of our study would all result in
radically different fungal:bacterial ratios, spanning orders of
magnitude). However, there was an indication in the results
of the present study that bronopol could be used in another
approach to resolve the bacterial contribution to glucose-
activated respiration. A direct estimate of bacterial growth
(e.g., using Leu incorporation) should be used to identify
suitable combinations of specific inhibitors to resolve
bacterial and fungal respiration. Alternatively, the use of
Leu incorporation, as in the present study, and fungal
growth determined by acetate-incorporation-into-ergosterol
[6, 29], may provide an alternative to resolving the bacterial
and fungal components of an intact soil system [32, 33].
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Abstract

We report the first attempt to estimate fungal biomass production in soil by correlating relative fungal growth rates (i.e., acetate
incorporation into ergosterol) with fungal biomass increase (i.e., ergosterol) following amendments with dried alfalfa or barley straw in
soil. The conversion factor obtained was then used in unamended soil, resulting in fungal biomass productions of 10-12pgCg~" soil,
yielding fungal turnover times between 130 and 150 days. Using a conversion factor from alfalfa-treated soil only resulted in two times
higher estimates for biomass production and consequently lower turnover times. Comparing fungal biomass production with basal
respiration indicated that these calculations overestimated the former. Still, the turnover times of fungal biomass in soil were in the same
range as turnover times estimated in aquatic systems. The slow turnover of fungal biomass contrasts with the short turnover times found
for bacteria. The study thus presents empirical data substantiating the theoretical division of bacteria and fungi into a fast and a slow

energy channel, respectively, in the soil food web.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Ergosterol; 14C acetate; Fungi; Biomass production; Soil

Methods of assessing the presence, growth and activity
of bacteria and fungi are prerequisites when studying the
soil ecosystem. Several methods of differentiating between
the biomass of these groups exist, including microscopy
(Bolter et al., 2002), substrate-induced respiration com-
bined with specific inhibitors for fungi and bacteria
(Anderson and Domsch, 1973; Bailey et al., 2003;
Wallenstein et al.,, 2006) and the use of indicator
substances. Fungal biomass can, for example, be estimated
using the PLFA 18:206,9 or the fungal-specific lipid
ergosterol (Frostegard and Baath, 1996). These biomass-
based methods can be used to study microbial growth in
situations with increasing biomass, e.g., after the addition
of fresh substrate, but cannot be used in this way under
situations where microbial growth is balanced by predation
and death, that is, with no biomass increase.

Quantifying the growth rate and the production of each
microorganism group separately has thus been difficult.

*Corresponding author. Tel.: +46462223762.
E-mail address: johannes.rousk @mbioekol.lu.se (J. Rousk).

0038-0717/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.50ilbi0.2007.03.023

The thymidine and leucine incorporation techniques,
originally developed for aquatic systems (Fuhrman and
Azam, 1982; Kirchman et al., 1985) and subsequently
adapted to soil (Baath, 1992, 1994; Baath et al., 2001), have
partly overcome this problem for bacteria. Although these
two methods have been mainly used as relative measures of
bacterial activity in soil, attempts have been made to
quantify both production and turnover rates. Bacterial
production in soil, at similar levels as those for respiration,
has been calculated (Baath, 1994), with biomass turnover
times between 2.3 and 33 days (thymidine incorporation)
and 2.1 and 13.1 days (leucine incorporation) (Baath,
1998).

A corresponding tool to estimate fungal growth has
hitherto proved more elusive. A method of estimating
fungal growth, originally devised for aquatic habitats
(Newell and Fallon, 1991) was, however, recently adapted
to soil (Pennanen et al., 1998; Baath, 2001). The method
is based on the incorporation of radioactively labelled
acetate into the fungal-specific lipid ergosterol. The acetate-
in-ergosterol (Ac-in-erg) method has been applied to
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determine relative levels of fungal growth in differently
treated soils (Pennanen et al., 1998; Rajapaksha et al.,
2004; Pietikdinen et al., 2005; Tobor-Kapton et al., 2005).

No estimate of fungal biomass production or turnover
rate has, however, been presented in native, untreated soil.
The present study used data from a larger study, designed
to compare fungal and bacterial responses with different
substrates and levels of N amendment over time (J. Rousk
and E. Baath, unpublished), to achieve such an estimate.
First we determined a conversion factor between Ac-in-
erg incorporation and the increase in fungal biomass
(ergosterol content) after adding different plant materials.
This conversion factor was then used in a separate
experiment to estimate fungal biomass production and
turnover rates and to compare these with respiration rates.

A garden sandy loam soil (organic matter content =
17%, pH = 5.9) was used. Dried alfalfa (C/N = 15) and
barley straw (C/N=175) were ball-milled, sieved
(<0.25mm) and applied at 2mgCg~' soil (d.w.).
NH4NO; was applied at concentrations of 0, 0.05, 0.10
and 0.15mg N g~ " soil (d.w.). Two control treatments, with
no substrate addition and 0 or 0.15mg N g~' soil were also
used resulting in 10 treatments, which were duplicated.
Thus, 20 jars containing 100 g soil were incubated at room
temperature without light. These were sampled regularly
until there was no further increase in ergosterol content in
the amended soils (21 days). The repeat experiment was
identical except that fewer N levels were used for the alfalfa
treatment (0 and 0.15), resulting in eight duplicated
treatments, and only 8 days’ incubation. Basal respiration
was also measured in this experiment.

Fungal growth was assessed using the Ac-in-erg method
adapted for soil by Baath (2001). Briefly, 1 g w.w. of soil
was transferred to test-tubes to which 0.025ml 1,2-
["*Clacetic  acid  (sodium  salt, 2.04 GBqmmol~',
7.4MBqml~!, Amersham), 0.475ml 1mM unlabelled
acetate (pH = 6) and 1.5 ml distilled water had been added,
resulting in an acetate concentration of 0.2mM. The
resulting soil slurry was incubated at room temperature
(22°C) for 24 h, after which 1 ml 5% formalin was added to
terminate growth. The test tubes were centrifuged 1000 x g
for Smin and the supernatant with non-incorporated
acetate was discarded. Ergosterol of the soil was then
extracted in 5ml 10% KOH in methanol, sonicated for
15min followed by 90min heat treatment at 70 °C, and
partitioned twice with 2ml cyclohexane. The combined
cyclohexane phases were evaporated to dryness at 40°C
under N,. The samples were then dissolved in 200 pl
methanol, heated at 40 °C for 15min, filtered through a
0.45um filter, and analysed using HPLC with a UV
detector (282nm). The ergosterol peak was collected and
the amount of incorporated radioactivity was determined
using a scintillator. Respiration was analysed on 1 g w.w.
samples for 24 h using gas chromatography.

In the first experiment, the cumulative increase in fungal
growth using Ac-in-erg incorporation was correlated to
fungal biomass production as increased ergosterol content

1400 J
< Alfalfa
1200 - [ Barley straw b

1000

800

A Fungal biomass (ug C g soil)

0 10 20 30 40 50 60 70
Incorporated Ac (10° DPM g™ soil)

Fig. 1. Cumulative fungal biomass production (Ac-in-erg) and biomass
increase (based on ergosterol content) following the addition of alfalfa
(diamonds) and barley straw (squares). Values for unamended control
soils have been subtracted. Increasing symbol size denotes increasing levels
of nitrogen amendment (0, 0.05, 0.10 and O.ISmgNg’1 soil). R>=0.72,
p<0.001.

in amended soils (ergosterol and Ac-in-erg incorporation in
control soils were subtracted) using type-II major axis
regression (JMP IN version 5.1, SAS Institute Inc., Cary,
NC, USA). A significant linear regression was found when
combining both substrates (Fig. 1, R*> =0.72, p<0.001).
There was no obvious effect of nitrogen amendment.
Assuming 5mgergosterol g~' of fungal biomass (Joergensen,
2000; Ruzicka et al., 2000) and 45% C content, a
conversion factor where 1mg fungal biomass-C was
equivalent to 54 x 10°DPM of incorporated Ac was
determined. Treating the applied substrates separately,
there was no significant difference between barley straw
and the combined substrates, while alfalfa resulted in a
conversion factor where Img fungal biomass-C was
equivalent to 22 x 10°DPM (R?> = 0.54, p<0.001). The
conversion factor obtained from the alfalfa treatment thus
resulted in a fungal biomass production about twice that of
the combined treatment. Henceforth, calculations will be
based on the conversion rate obtained from the combined
substrates, unless explicitly stated otherwise.

The conversion factor obtained was applied in the repeat
experiment (Fig. 2). The fungal biomass production clearly
reacted to the substrate additions, with the highest
production in the straw-amended soils and the lowest in
the unamended controls. The two higher N concentrations
of the straw treatments gave slightly higher values than the
two lower N concentrations, while the N additions had no
effect on the alfalfa or control treatments. Most impor-
tantly, an estimate of the fungal biomass production rate of
the control treatments could be calculated, amounting to
12+0.8 pug fungal biomass-C day~'g~! soil during 8 days
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Fig. 2. Fungal biomass production estimated from Ac-in-erg incorpora-
tion and a conversion factor from Fig. 1. Alfalfa (diamonds) and barley
straw (squares) were added at 2mgCg~! soil at time zero. Increasing
symbol size denotes increasing level of nitrogen amendment (0, 0.05, 0.10
and 0.15mgNg™" soil).

(mean+S.E., Fig. 2). The corresponding value for the first
experiment run over 21 days was 10+0.4 ugCday 'g~!
soil. The initial fungal biomass in both experiments was
1550+ 50 ug Cg~" soil. Thus, the fungal biomass turnover
in native soil was 150 and 130 days in the first and repeat
experiment, respectively. Using the conversion rate ob-
tained from the alfalfa treatments only, biomass produc-
tions of 25+0.9 and 30+2 pgfungal-C day ' g~! soil and
turnover times of 60 and 50 days were obtained for the first
and the repeat experiments, respectively.

The cumulative basal respiration during 8 days in the
repeat experiment was 48+2ugCO,~Cg~' soil in the
control soils, while the alfalfa and straw additions resulted
in a respiration of 380+ 80 and 160+ 14 ug CO,—C g~ soil,
respectively (mean for all N treatments). This should be
compared with the cumulative fungal biomass production
of about 100, 200 and 500 ug Cg~" soil for the control,
alfalfa- and straw-amended soils, respectively (Fig. 2).

The linear relationship between fungal biomass produc-
tion measured as the increase in ergosterol content and as
incorporated radioactivity confirms the validity of the
Ac-in-erg technique in estimating fungal biomass produc-
tion, with the assumption that ergosterol is an adequate
proxy for fungal biomass. The slope of the linear
correlation gives a conversion factor which makes it
possible to calculate fungal biomass production in absolute
amounts from incorporation data, assuming that the
relationship does not deviate from linearity when ap-
proaching lower, natural levels and that fungal death rate
due to, e.g., predation is negligible in the studied period.
Thus, 10 and 12 pgfungal Cday™'g=" soil were estimated

for the two experiments in the control soils, while adding
alfalfa and straw increased these values by approximately 2
and 5 times, respectively (Fig. 2).

The different conversion factor obtained using the alfalfa
treatment alone stands out. The range in ergosterol content
that we managed to induce using the alfalfa was, however,
smaller than the straw-induced one. Assuming that the
variation in measurement does not change much in the
studied interval, the explanatory power is proportional to
the major axis range in the data. The precision of the data
from the alfalfa application is therefore lower than for the
straw application because it spans a more limited
range. However, there could be a real difference in the
relation between Ac-in-erg and increase in ergosterol
following the application of the two substrates. Substrate
application exposes the fungal community to a strong
selection pressure, possibly favouring only a select few
whose identity could vary with the substrate applied.
Fungal species differ in their ergosterol content (Gessner
and Chauvet, 1993; Suberkropp et al., 1993; Miiller
et al.,, 1994), which thus has the potential to introduce
variation in ergosterol content depending on the resulting
community.

The fungal production estimates appeared high when
compared with the respiration rates. Assuming, for the
sake of the argument, that only fungi contributed to
respiration in the control soils (no bacterial production),
this would result in an unreasonably high fungal growth
efficiency of 0.75. One reason for this could be that the
factor used for converting the ergosterol content to fungal
biomass is too high. The conversion factor used is an
average of data originally obtained from cultured fungi
(Gessner and Chauvet, 1993; Joergensen, 2000; Miiller et
al., 1994; Ruzicka et al., 2000; Suberkropp et al., 1993), but
this value has often resulted in fungal biomass estimates
higher than the total biomass, both in soil and aquatic
systems (Suberkropp et al., 1993; Frostegard and Baath,
1996; Ruzicka et al., 2000). One explanation might be that
part of the ergosterol extracted from soil is not related to
living biomass due to the slow degradation of ergosterol
(Mille-Lindblom et al., 2004; Zhao et al., 2005, discussed
below). Klamer and Baath (2004) identified another
explanation in that organisms cultivated on rich medium
have thicker hyphae than in soil, that is, a smaller
membrane area per unit biomass. If a conversion factor
is estimated from hyphae that are 3 pm in diameter this
would result in fungal biomass being overestimated by a
factor of 2 compared with 2um hyphae. Correcting the
conversion factor for this would result in a fungal growth
efficiency of around 0.5. This calculation illustrates that the
assessment of fungal growth and biomass using ergosterol
requires better estimates of the conversion factor in soil.

One way of avoiding problems with the conversion
factor for ergosterol is to express fungal growth in relation
to biomass, that is, as specific growth rate or biomass
turnover rate, since the conversion factor will then be
present in both the numerator and the denominator of the
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calculation. This will also allow comparison with other
studies in soil and water. The turnover time for fungal
biomass in unamended soil was found to be between 130
and 150 days, while the substrate-amended soils had
turnover times of 20-40 days (a factor 2 less using the
conversion factor obtained from the alfalfa treatments
only). This can be compared with an attempt to measure
turnover in a glucose-amended soil yielding 170 days
(Baath, 2001), although in that case circumventing
problems associated with the sensitivity of the measure-
ments may have overestimated the turnover rates. Turn-
over times reported for fungi growing on submerged plant
material in aquatic systems include 68 days (Kuehn et al.,
2000), 200 days (Newell and Fallon, 1991) and 53-203 days
(Kominkova et al., 2000), indicating similar values to those
in soil.

Ergosterol is considered to reflect living fungal biomass
(Nylund and Wallander, 1992; Joergensen, 2000; Newell,
2001), and its applicability has been assured, among other
things, by correlations with phospholipid fungal indicators
(Frostegard and Baath, 1996; Klamer and Baath, 2004).
This view has, however, recently been challenged (Mille-
Lindblom et al., 2004; Zhao et al., 2005). In these studies, a
notable recalcitrance of added ergosterol was observed,
indicating that part of the ergosterol in soil could be related
to dead fungal biomass, in which the ergosterol had not
been degraded. The turnover rates presented above could
thus be overestimated if the ergosterol in soil used to
calculate fungal biomass (in the denominator of the
calculation) does not emanate exclusively from living
fungi. Different extraction protocols also resulted in
different soil ergosterol estimates. For instance, the use of
only methanol extraction without saponification gave
ergosterol estimates three times lower in the studied soil
(J. Rousk and E. Baath, unpublished). Nevertheless, the
turnover rate of fungi in soil appears to be much slower
than that for bacteria, where turnover times of around 10
days were found in different soils (Baath, 1998), a
distinction also found in aquatic systems (Buesing and
Gessner, 2006). This supports the theoretical division of
bacteria and fungi into a fast and a slow energy channel in
the soil food web (Moore et al., 2005). More estimates of
fungal and bacterial biomass production in different soils
are, however, required to corroborate this conjecture.
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Abstract

Fungal (acetate-in-ergosterol incorporation) and bacterial (leucine/thymidine
incorporation) growth resulting from alfalfa (C/N=15) and barley straw
(C/N=75) addition was studied in soil microcosms for 64 days. Nitrogen
amendments were used to compensate for the C/N difference between the
substrates. Fungal growth increased to a maximum after 3—7 days, at five to eight
times the controls, following the addition of straw, and three to four times the
controls following the addition of alfalfa. After 20-30 days, the fungal growth rate
converged with the controls, resulting in a cumulative fungal growth two to three
times the controls following straw addition and about 20% higher than
the controls following alfalfa addition. The bacterial growth rate reached rates five
times the controls following alfalfa addition and twice that of the controls
following straw addition after 3—7 days. It remained elevated after 64 days. The
cumulative bacterial growth was two and four times the controls following straw
and alfalfa addition, respectively. A negative correlation was found between
N addition and bacterial growth, while N stimulated fungal growth. Thus, the
C/N ratio of the additions (substrate and extra N) could not entirely explain the
different results regarding fungal and bacterial growths. Respiration was not always
related to the combined growth of the microorganisms, emphasizing the require-

ment for a better understanding of growth efficiencies of fungi and bacteria.

Introduction

Many factors influence the microbial community, ranging
from temperature (Pietikdinen et al, 2005) and water
availability (Fierer et al., 2003) to soil chemistry (Baath &
Anderson, 2003) and litter or substrate composition (Baldy
et al., 1995; Bossuyt et al., 2001). There is, however,
insufficient knowledge about the factors that determine the
relative importance of the main decomposer groups during
the decomposition process (Mille-Lindblom & Tranvik,
2003). Fundamental differences between fungi and bacteria,
such as the filamentous growth and the higher C/N ratio of
the fungal biomass (De Ruiter et al., 1993; Six et al., 2006),
suggest that the contributions to decomposition by these
types of microorganisms will vary with both physical and
chemical aspects of the substrate.

Because the decomposer groups support their own de-
composition pathway in soil, fungal and bacterial biomass
production will cascade through different channels of the

© 2007 Federation of European Microbiological Societies
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terrestrial ecosystem (Hedlund et al., 2004; Moore et al.,
2005). The two groups of decomposing microorganisms are
also often thought to have different efficiencies of the
sequestering of carbon in soil (Six et al., 2006). This is based
on the hypothesis of a lower N requirement of the fungal
biomass, in addition to its higher growth efficiency (Holland
& Coleman, 1987, although recently questioned by Thiet
et al., 2006), and the lower biodegradability of the fungal cell
wall compared with the bacterial one due to both chemical
resistance to decay (Martin & Haider, 1979) and protection
from degradation through interaction with other constitu-
ents of the soil matrix (Simpson et al, 2004). These
conjectures have been used to motivate the use of the
fungal/bacterial biomass ratio as a measure of soil quality
and sustainability (e.g. de Vries et al., 2006). A problem
associated with this approach is the poor ability of many
techniques to detect changes in the bacterial biomass in the
denominator of the ratio. Also, biomass estimates often have
insufficient resolution to detect rapid changes resulting
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from changes in substrate availability. Furthermore, rather
than the biomass of different groups of microorganisms per
se, it is their rate of production of new biomass that is of
interest in this context, as this is what constitutes the input
into the energy channels of the soil food web.
Consequently, there is a need for sensitive methods that
can determine, or at least provide good indications of, the
rates of production of bacteria and fungi during the decom-
position process. One way to achieve this is tracking
isotope-labelled plant materials into different biomass
proxies (e.g. McMahon et al., 2005; Williams et al., 2006).
A potential drawback of this technique is that it always
requires introduced substrates for growth, necessarily chan-
ging the in situ conditions of the studied soil. Standard
techniques of assessing in situ bacterial activity, indicating
growth, are the leucine (Leu) and thymidine (TdR) incor-
poration techniques, which were originally designed for use
in aquatic environments (Fuhrman & Azam 1982; Kirchman
et al., 1985) and were later adapted to soil (Baath et al.,
2001). A corresponding technique for assessing fungal
activity and growth using acetate incorporation into ergos-
terol (ac-in-erg) also originated from applications in aquatic
environments (Newell & Fallon, 1991), and was subse-
quently adapted to soil (Pennanen et al., 1998; Baath et al.,
2001; Rajapaksha et al., 2004). A strength of both the fungal
and the bacterial incorporation techniques is that the
addition of trace amounts of the radioactive marker, in
combination with the short duration of the measurements,
does not influence the growth rate of the studied organisms.
Conversion factors for calculating fungal biomass produc-
tion in soil from ac-in-erg incorporation were also recently
reported (Rousk & Baath, 2007). Applying the Leu or TdR
incorporation in combination with the ac-in-erg incorpora-
tion technique should allow assessment of the biomass
production of bacteria and fungi separately, in order to
determine their contributions to the decomposition process.
The relative importance of decomposition by fungi has
been reported to decrease following the application of N
fertilizer (van Groenigen et al., 2007), while organic matter
with a high C/N ratio is believed to stimulate the fungal
contribution to decomposition (Henriksen & Breland, 1999;
Thiet et al., 2006). However, these conclusions all rely on
biomass measurements of the fungi and bacteria, and not
direct measurements of growth. Here, fungal and bacterial
biomass production after the addition of two natural sub-
strates, alfalfa and barley straw is described. These substrates
differ in their C/N ratios, which was thus predicted to
influence the two groups of decomposing microorganisms
differently. Barley straw, with a higher C/N ratio, should
favour fungal growth, while alfalfa, with a lower C/N ratio,
should favour bacterial growth. To try and isolate the effects
of the proportions of C and N, the substrates were combined
with four levels of N, as NH,NOs3, to compensate for the
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original difference in the C/N ratios between alfalfa and
barley straw. It was predicted that increasing levels of N
would correlate positively with bacterial growth.

Materials and methods

Microcosms

A sieved (< 2.8mm) grassland, sandy-loam soil (water
content=28%, organic matter content=17%, total-
C=80.3mgg 'soil (d.w.), total-N=6.3mgg " soil (d.w.),
total-P=7.0 ug g’1 soil (d.w.), pH (H,0)=5.9), was used.
Dried alfalfa (C/N=15) and barley straw (C/N=75) were
cut into 1cm strips, ball milled, sieved (< 0.25mm) and
applied to separate soil samples at 2mgCg ' soil (d.w.).
Nitrogen (NH4NO3) was applied dry in combination with
the appropriate plant material amendment, at four levels, 0,
0.05, 0.10 and 0.15 mg N g~" soil (d.w.). Adding barley straw
in combination with the intermediate addition of 0.10 mg N
thus resulted in the same C/N ratio as the alfalfa without N.
Two control treatments were included, in which no substrate
was added and 0 and 0.15mgN g™ soil (d.w.) were added,
resulting in 10 treatments, which were duplicated. Twenty
jars containing 100 g soil (w.w.) were thus incubated at room
temperature (22 °C) without light. The water content was
kept constant, and soil samples were taken regularly for 64
days (at days 1, 2, 4, 7, 14, 21, 30, 43 and 64).

Bacterial growth

Bacterial growth rate was estimated using both the Leu and
the TdR incorporation techniques (Baath, 1992, 1994; Baath
et al., 2001). Briefly, 1 g soil was mixed with 20 mL water and
treated on a multivortex shaker at maximum intensity for
3 min. Following this, low-speed centrifugation at 1000 g for
10min created a bacterial suspension in the supernatant.
1.5 mL of this bacterial suspension was transferred to 2-mL
microcentrifugation tubes, where 5uL of each precursor,
[**C]Leu (1.85 MBq mL™, 11.3 GBq mmol™', Amersham)
and [’H]TdR (37 MBq mL ™, 925 GBq mmol !, Amersham)
were added to each tube, resulting in 130 nM [*H]TdR and
550nM ['“C]Leu in the bacterial suspensions. After a 2-h
incubation, growth was terminated using 75 pL 100% tri-
chloroacetic acid. Washing and subsequent measurement of
radioactivity were performed as described by Baath et al.
(2001).

Fungal growth and biomass

The fungal growth rate was assessed using the ac-in-erg
method (Newell & Fallon, 1991) adapted for soil (Baath,
2001). Briefly, 1 g of soil was transferred to test-tubes to which
0.025 mL 1,2-[**C]acetic acid (sodium salt, 2.04 GBq mmol ™,
7.4MBq mL™), Amersham), 0475mL 1mM unlabelled
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acetate (pH=6) and 1.5mL distilled water were added,
resulting in a final acetate concentration of 0.22mM. The
resulting soil slurry was incubated at room temperature
(22 °C) for 24 h, after which 1 mL 5% formalin was added to
terminate growth. The test-tubes were centrifuged at 1000 g
for 5min, and the supernatant containing nonincorporated
acetate was aspirated and discarded. Ergosterol in the soil was
then extracted in 5mL 10% KOH in methanol, sonicated for
15 min, followed by a 90-min heat treatment at 70 °C, and
partitioned twice with 2mL cyclohexane. The combined
cyclohexane phases were evaporated to dryness at 40 °C under
N,. The samples were then dissolved in 200 uL methanol,
heated at 40 °C for 15 min, filtered through a 0.45um filter
and analysed using HPLC and a UV detector (282 nm). The
ergosterol peak was collected. The amount of incorporated
radioactivity was determined using a scintillator. This was
used as an indicator for fungal growth, and the total amount
of ergosterol was used as an indicator for fungal biomass.

Gross soil microbial activity

Basal respiration was measured by transferring 1 g of soil to
a 20-mL glass vial, and purging with pressurized air. The vial
was sealed and incubated for 24h, after which the CO,
concentration was determined using GC.

Biomass composition of the community

The phospholipid fatty acid (PLFA) pattern was determined
using 1g of soil according to Frostegard et al. (1993). The
PLFAs chosen to indicate bacterial biomass were i15:0,
al5:0, 116:0 16:109, 16:1w7t, i17:0, cy17:0, 17:0, 18:107 and
cy19:0, while 18:2®6,9 was used to indicate fungi (Fros-
tegard & Baath, 1996). The quantities of the fatty acids were
obtained using 19:0 as the internal standard.

Statistics

Repeated measures (rm)-ANova was used with time as the
repeated measure and the 10 treatments as fixed factors
(n=2). The cumulative fungal and bacterial growth, and
cumulative respiration, were analysed using one-way ANOVA
with the 10 treatments as fixed factors. If the aNovas proved
to be significant (P < 0.05), subsequent planned contrasts
were performed between substrates and controls (n=4),
between substrates (n = 8) and between N treatments. The N
treatments were analysed using a planned contrast designed
as a regression, in which a significant trend would mean that
the slope of the regression line was significantly different
from zero, when comparing the N with substrate treatment
(control, alfalfa and straw) to isolate the effect of the N
addition.
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Results

Bacterial growth

The bacterial growth rate measured using Leu incorporation
decreased slightly over time in the control soils. Alfalfa
addition resulted in a bacterial growth rate five times that
of the control level (P < 0.001), and an increase twice that of
the control level resulted from barley straw addition
(P < 0.001). The growth rate induced by both substrates
reached a maximum between days 3 and 7 (Fig. la). The
bacterial growth rate then decreased, most rapidly in the
alfalfa-containing soils, but remained at an elevated level,
compared with the control samples, throughout the full 64
days following the application of both substrates. The
bacterial growth in the alfalfa-containing soils levelled off at
about 3.5 times the controls, and in the soils containing
barley straw at about 2.5 times the controls. The differences
between the substrates remained throughout the period
studied (P < 0.001). N addition tended to inhibit bacterial
growth rates (P=0.04).

The cumulative bacterial growth (Fig. 2a), indicating the
total bacterial biomass produced, was approximately twice
that of the control samples in the soil containing barley
straw (P =0.002), while alfalfa addition resulted in approxi-
mately four times higher biomass production (P < 0.001),
with significant differences between the substrates
(P < 0.001). N addition resulted in inhibition of bacterial
growth where the highest N addition decreased the bacterial
biomass production by about 10% in soils containing alfalfa,
by 25% in soils containing barley straw and 10% in
the control soils, compared with soils to which no N had
been added.

Although both Leu and TdR incorporation essentially
gave the same results, there were some systematic differences
in that the Leu/TdR incorporation ratio increased with
increasing bacterial growth rate (Fig. 3: the mean values are
given for all N additions as the effect of N was not
significant). The Leu/TdR incorporation ratio increased
initially, more so following alfalfa addition, and then
decreased over time. Consequently, both barley straw
(P < 0.001) and alfalfa (P < 0.001) proved to have effects
on the Leu/TdR incorporation ratio, with a higher increase
following alfalfa addition (P < 0.001).

Fungal growth

The fungal growth rate (Fig. 1b) was stable in the control
soils over the 64 days of the study. It remained largely
unaffected by the barley straw addition for the first 2 days,
after which it increased to a maximum between days 4 and 7.
Both the higher N additions combined with barley straw
had fungal growth rates that peaked at about 12 times the
control value (P < 0.001), while the lower level and no
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addition of N both resulted in about an eightfold increase
(P < 0.001). The fungal growth rate induced by both sub-
strates converged with the control value between days 20
and 30. Alfalfa addition resulted in a more immediate
(values consistently higher than the controls after 1 day)
but less prominent response in fungal growth, peaking
closer to day 4 and reaching a maximum of about four
times the control level (P=0.003), but converging with the
control level sooner (between days 10 and 20) than that in
soil containing barley straw. The effects of N on the fungal
growth rate were significant (P < 0.001), although less
pronounced with alfalfa addition than with barley straw
addition. At the end of the experiment (day 64), soils
containing barley straw had a 15% higher fungal growth
rate (ns, P=0.09), and those containing alfalfa had a 15%
lower fungal growth rate (ns, P=0.10) than the control
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value. The difference between the substrates was significant
(P < 0.001).

The cumulative fungal ac-in-erg incorporation showed a
2.5-fold higher fungal biomass production than the controls
(P < 0.001) following barley straw addition, while alfalfa
addition resulted in a 20% increase (P=0.04) with a
significant difference between the substrates (P < 0.001).
There was a clear effect of N addition (P < 0.001) in that the
highest addition increased the fungal growth by 35% in
combination with barley straw and by 15% with alfalfa,
while there was no discernible effect of N in the control soils.

Gross activity

The respiration rate following alfalfa application (Fig. 1c)
increased immediately, reaching a maximum of about six
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on day 64.

times the control level (P < 0.001) between days 2 and 4,
after which it rapidly declined and converged with the
control level around days 14 and 21. The respiration rate
following barley straw addition also increased immediately,
but at a slower pace, reaching a maximum of about 3.5 times
the controls (P < 0.001) around days 4 through 14, after
which it started to converge towards the control value after
20-30 days. No effects of N addition were observed on the
respiration rate.

The cumulative respiration (Fig. 2¢) clearly showed that
there were substrate effects following both barley straw
(P=0.002) and alfalfa (P < 0.001) addition, both doubling
the cumulative respiration compared with the controls but
indistinguishable from each other. There was no clear
pattern in the outcome of N addition, although the highest
cumulative respiration was observed with no N addition.
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Biomass and community composition

The fungal biomass (estimated from the ergosterol content)
was stimulated by both substrates and increased over the
first 14 days to about twice the control level following alfalfa
(P < 0.001) and three times following barley straw addition
(P < 0.001), with distinct differences between the substrates
(P=0.008, Fig. 4a). After day 21, a slow decline in fungal
biomass was observed in all treatments. No effects of N
addition could be discerned (data not shown).

The PLFA indicator of fungal biomass, 18:216,9, agreed
well in general with the straw-induced fungal response
obtained using ergosterol (Fig. 4b), with increasing fungal
biomass during the first 2 weeks, which started to decrease
following the third week. The soil samples containing alfalfa
had to be omitted from the analysis because the alfalfa plant
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material contained high levels of 18:206,9, and the con-
tribution to and decomposition of this PLFA from the alfalfa
thus confounded its increase due to fungal growth.

Bacterial biomass measured using PLFA indicators re-
vealed no marked change over time (Fig. 4c), although
systematic differences were detected between alfalfa addition
(mean value 101 nmol g71 soil) and the controls (mean value
84nmolg ' soil) (P=0.002), and between alfalfa and barley
straw soil samples (the latter with a mean of 88 nmol g71 soil)
(P=0.005). N addition did not affect the bacterial biomass
determined by the bacterial PLFA indicators (data not
shown).

Discussion

It was predicted that barley straw addition would benefit
fungal growth more than alfalfa addition and vice versa,
because plant material with a high C/N ratio was expected to
favour fungal growth (Bossuyt et al., 2001; Six et al., 2006).
The present results supported the outcome of this predic-
tion. However, the C/N ratio did not appear to completely
explain the difference between the barley straw and alfalfa
treatments. Adding N (as NH4NO;) to compensate for,
and even supersede, the difference in proportions of N in
the two substrates did not result in the same effects of
the two substrates on the fungal and bacterial growth.
Instead, the effect of additional N was minor compared
with the difference between the substrates, indicating that
the C/N ratio of the substrates was not the canonical factor
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explaining the observed differences. If the C/N ratio did
not explain the different effects of the plant materials, it
seems likely that the inherent chemical composition of the
substrates, including the solubility and availability of var-
ious compounds to fungi and bacteria, contributes to the
explanation. It is possible, however, that the effective C/N
ratio of the plant materials available to the decomposers was
not regulated in the intended way. The fragmented matrix
of the soil could have separated the particulate plant
material and the added N, rendering the experimental
manipulation of substrate C/N ratio using nitrogen amend-
ments inadequate. An alternative approach in the future
would be the application of a range of plant materials of
different C/N ratios.

The effects of N addition were contrary to what was
anticipated, as increasing the N addition inhibited bacterial
growth and stimulated fungal growth. Fungal growth sti-
mulation (e.g. Bardgett et al., 1999) and bacterial growth
inhibition following N addition (e.g. Demoling et al., 2007)
have, however, both been reported earlier. The increase in
fungal growth resulting from increasing the amount of N
was probably due to mitigation of the limitation by scarcity
of N induced by the high C content of the plant materials,
especially in the case of barley straw addition (Fig. 1b).
Henriksen & Breland (1999) also applied straw with increas-
ing N concentrations to soil and in agreement with the
present results they observed a marked positive N effect on
fungal biomass production, while the bacterial biomass
production was largely unaffected by N.

One possible explanation for the N inhibition of bacterial
growth could be a negative effect on pH by the addition of
NH,NO;, reported previously in a forest soil (Aldén et al.,
2001). However, they did not find a similar decrease in pH
after N addition in a grassland soil similar to the one used
here. Another explanation could be induced competitive
interactions. If adding N relieves the fungal growth limita-
tion, it is possible that the competitive potential of the
fungal community increases relative to that of the bacterial
community, resulting in a decrease in bacterial growth.
Mille-Lindblom & Tranvik (2003) studied the interaction
between fungal and bacterial growth on submerged plant
material. They found that the presence of bacteria inhibited
fungal growth. The bacterial growth rate towards the end of
the present experiment was more elevated following the
alfalfa application compared with the straw (Fig. 1a) while
the opposite pattern was true for the fungal growth (Fig. 1b).
It is possible that this pattern was also the result of a
competitive interaction where, in this case, an increased
bacterial growth inhibited fungal growth. This negative
interaction has been shown previously in aquatic habitats
(Mille-Lindblom & Tranvik, 2003) and in soil using bacterial
antibiotics (J. Rousk, E. Baath, A. Bahr, L. Aldén-Demoling,
unpublished data).
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The fungal biomass measured using both ergosterol and
the PLFA indicator 18:2(6,9 gave similar results and corro-
borated the picture presented by fungal growth (as evi-
denced by ac-in-erg incorporation). Thus, there were large
changes in the fungal biomass through the course of
the experiment. The bacterial biomass, on the other hand,
remained static throughout the entire experiment. One
explanation for the largely unchanging bacterial biomass
could be that the bacteria studied here consisted of a large
proportion of inactive or recalcitrant dead cells. If this was
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the case, the active proportion, which would have reacted
during the period of the study, may have been so small
relative to the large, inactive portion that its variation was
masked by the technical random variation resulting from
measuring the inactive part. This would make it impossible
to resolve the pattern of change in the smaller, active portion
of the bacterial biomass that was of interest. In contrast, the
fungal biomass estimate changed radically over the period
studied, indicating that the change in fungal biomass is large
relative to the level originally established in the soil.
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Another explanation for the results may be problems
associated with the use of PLFAs to estimate the biomass of
fungi and bacteria. It has been reported that bacterial PLFA
indicators are less sensitive than fungal indicators following
environmental perturbations (Griffiths et al., 1999; Hogberg
et al., 2003, 2007), and although some of this variation can
be explained by changes in the community composition, it
could suggest different turnovers of these indicators. Cau-
tion should therefore be exercised when using PLFAs to
compare different groups of microorganisms.

A third explanation for the contrasting dynamics of
fungal and bacterial biomass could be the extent of preda-
tion. The preparation of the microcosm system (sieving, and
other handling of the soil) was more likely to have selected
against larger predators such as mites and collembolans,
which are mostly fungivorous, compared with the smaller
protozoa, which are bacterivorous. It has been shown in
aquatic systems that a change in bacterial biomass produc-
tion is only detectable if predators are removed (Cotner
et al., 1997). Rapid increases in bacterial predators have also
been found in soil treated to increase bacterial growth
(Saetre & Stark, 2005; Christensen et al., 2007). Conse-
quently, increases in bacterial growth could have resulted in
increases in bacterial predator biomass, or vice versa, with
unaltered bacterial biomass. These ambiguities are entirely
circumvented by a direct measurement of the growth of
fungi and bacteria, such as the TdR or Leu and ac-in-erg
incorporation techniques. This has also been shown in
aquatic habitats where adding nutrients increased bacterial
growth rates (measured using TdR incorporation), with
unchanged bacterial biomass and increased biomass of
bacterial predators (Cotner et al., 1997).

While both the fungal growth and the respiration rates
converged towards that of the controls during the experi-
ment, indicating exhaustion of the added plant material
resource, the bacterial growth rate remained elevated even
after 64 days. A persistent increase in TdR and Leu incor-
porations was also found after a glucose addition (Vinten
et al., 2002) and even 5 months after the fumigation of a soil,
when respiration rates had returned to control values
(Griffiths et al., 2000). One possible explanation for the
higher and continuous turnover of bacterial biomass could
be predation stimulating the production of new bacterial
biomass (Ingham et al., 1985).

The Leu and TdR incorporation data were closely corre-
lated, indicating that changes in community structure, with
bacteria varying in their capacity to incorporate Leu or TdR
(Bloem & Bolhuis, 2006), could not explain the differences
in the results when adding the different substrates. However,
there were systematic differences in the Leu/TdR incorpora-
tion ratio over time, with increasing ratios after substrate
addition (Fig. 3). It has been found previously that the Leu/
TdR incorporation ratio is positively correlated to increased
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metabolic activity, both in aquatic (Longnecker ef al., 2006)
and in soil systems (recalculated from Vinten et al., 2002).
This indicates that the Leu/TdR incorporation ratio could
be used as an alternative method of assessing the metabolic
activity of bacteria in natural habitats.

The respiration rate could not be directly translated into
either the fungal or bacterial growth response during
decomposition of the two substrates. One explanation for
this is, of course, that fungi and bacteria contributed to the
total respiration to different degrees during different times
and with different substrates during the experiment. The
immediately increased respiration induced by the addition
of alfalfa corresponded well with the rapid bacterial growth
induced by the same substrate. The delay of the barley straw-
induced respiration peak corresponded to the delayed and
slower fungal response to this substrate. The considerable
effect of alfalfa addition on bacterial growth, compared
with the addition of barley straw, was not reflected in the
respiration measurements. This could be explained by the
opposite pattern of fungal and bacterial growths, presum-
ably resulting in approximately the same respiration rate
following the addition of both plant materials, the CO,
evolution mostly derived from fungi in the straw application
and mostly from bacteria in the alfalfa application. Unless
the link between CO, evolution and decomposer growth
shifts from being derived complementarily from both
decomposer groups early on in the experiment to being
derived entirely from fungi (levelling off and converging
with the control level) later on, however, there are a
mismatch in the lack of long-term respiration response
when continuously enhanced bacterial growth was found.
Hence, the respiration rate could not be completely resolved
into either fungal or bacterial growths or a combination
of them.

The incorporation techniques used for both kinds of
decomposing organisms is a measure of the production of
new biomass, while respiration measures the amount of
organic material that is metabolized, irrespective of whether
it is associated with growth or not. The relationship between
these is the growth efficiency [growth/(growth+respira-
tion)]. Although alluded to in the literature, the growth
efficiency of soil microorganisms has not been extensively
studied and has only occasionally been reported in soil
(Holland & Coleman, 1987; Thiet et al., 2006). Six et al.
(2006) provided a comprehensive review of the available
data in different habitats, also emphasizing the scarcity of
reports in soils, the limited knowledge of controlling factors
and the unknown dynamics of growth efficiency. Studies of
bacterial growth efficiency in aquatic systems indicate that it
is governed by many factors, e.g. growth rate per se or the
factor or factors limiting growth (Eiler et al., 2003; del
Giorgio et al., 2006), and it also varies considerably, with
reports of values ranging from 1% to 85% (Payne & Wiebe,
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1978; del Giorgio & Cole, 1998). There are also reports of
waste metabolism (i.e. decreasing efficiency) due to rewet-
ting events (Fierer et al., 2003), limiting substances other
than carbon (Weintraub & Schimel, 2003) and decreasing
growth efficiency due to stress (Schimel et al., 2007).
Furthermore, there is limited knowledge of the differences
in growth efficiency between fungi and bacteria (Six et al.,
2006). The present results, showing discrepancies between
microbial growth and respiration during decomposition of
plant materials, thus emphasize the importance of deter-
mining growth efficiency in soil. Combining respiration
measurements with microbial growth estimates, where the
latter can be converted into biomass production (e.g. Rousk
& Baath, 2007), will provide a means of achieving this goal.

In conclusion, the authors were able to show that fungal
and bacterial growth responded differently to alfalfa and
barley straw amendment, bacteria benefited more than fungi
from alfalfa and vice versa following barley straw. Adding
mineral N to compensate for different C/N ratios of the
substrates did not remove their difference in impact. In-
stead, adding mineral N stimulated fungal growth, while the
bacterial growth was inhibited. The changing contribution
of fungal and bacterial decomposers was not reflected in the
respiration, emphasizing the need to better understand
growth efficiency dynamics. Estimating the fungal and
bacterial growth allowed high sensitivity and specificity
resolving the dynamics of the two decomposer groups,
without encountering interpretation problems using bio-
mass estimates.
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Abstract

It is important to know the contributions of bacteria and fungi to decomposition
in connection with both the structure of the food web and the functioning of the
ecosystem. However, the extent of the competition between these groups of
organisms is largely unknown. The bacterial influence on fungal growth in a soil
system was studied by applying three different bacterial inhibitors — bronopol,
tylosin and oxytetracycline — in a series of increasing concentrations, and
comparing the resulting bacterial and fungal growth rates measured using leucine
and acetate-in-ergosterol incorporation, respectively. Direct measurements of
growth showed that fungi increased after adding inhibitors; the level of increase
in fungal growth corresponded to that of the decrease in bacterial growth,
irrespective of the bacterial inhibitor used. Similar antagonistic effects of the
bacteria on fungal growth were also found after adding the bacterial inhibitors
together with additional substrate (alfalfa or straw plant material). The resulting
responses in bacterial and fungal growth indirectly indicated that the negative
interaction between fungi and bacteria was mostly attributable to exploitation
competition. The results of this study also emphasize the increased sensitivity of
using growth-related, instead of biomass-based, measurements when studying
bacterial and fungal interactions in soil.

Introduction

Fungi and bacteria together dominate the decomposition of
organic material in soil. The fungal and bacterial biomass
produced during decomposition is then transferred through
different energy pathways in the soil ecosystem (Hunt et al.,
1987; Hedlund et al., 2004; Moore et al., 2005). Further-
more, the two groups are thought to have different efficien-
cies in the sequestering of carbon (Six et al., 2006), although
this has recently been questioned (Thiet et al., 2006).
Consequently, the bacterial and fungal contributions to soil
decomposition should be separated to determine the struc-
ture of the food web and the functioning of the ecosystem.
There is increasing evidence that environmental factors
affect fungi and bacteria differently. These include variables
such as substrate composition (Bittman et al., 2005; de Boer
et al., 2005; Georgieva et al., 2005; Engelking et al., 2007;
Rousk & Baath, 2007b), pH (Blagodatskaya & Anderson,
1998; Pennanen et al., 1998; Biaath & Anderson, 2003),
salinity (Sardinha et al., 2003; Rasul et al., 2006), tempera-
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ture (Ley & Schmidt, 2002; Lipson et al., 2002; Schadt et al.,
2003; Pietikdinen et al., 2005) and heavy metals (Rajapaksha
et al., 2004). Another major determinant of the composition
of the decomposer community, which has been less thor-
oughly studied, is their interaction.

The interaction of organisms can be studied in two ways.
One alternative is to combine the organisms and study the
response of one to the addition of the other. Using this
approach, Mille-Lindblom & Tranvik (2003) studied fungal
and bacterial interaction on leaves submerged in water based
on the biomass production of the separate groups. Starting
with uncolonized plant material, they added single strains
of fungi, a natural bacterial community, or a combination of
them. They found a reciprocal negative interaction between
the decomposer groups. Other studies using this approach
report both antagonistic (Meller et al., 1999; Mille-Lind-
blom et al., 2006) and synergistic interactions (Bengtsson,
1992). Although this additive approach is often easy to
interpret, it can only be used to study interactions during
colonization of a substrate. Furthermore, it depends on the

FEMS Microbiol Ecol 63 (2008) 350-358



Decomposing fungal-bacterial interaction in soil

ability of the scientist to introduce a representative compo-
sition of the inoculated organisms, often consisting of single
or a few strains.

The other alternative that can be used to study the
bacterial-fungal interaction is a removal experiment, where
one group is experimentally removed and the effect on the
other group is monitored. Studies of the fungal-bacterial
interaction in soils are often based on the application of
selective inhibitors. There have been reports of fungal
inhibition by bacterial presence (Thiele-Bruhn & Beck,
2005; Feeney et al., 2006), of bacterial biomass increasing
after fungal suppression without reciprocity (Ingham &
Coleman, 1984), and of no interaction between the decom-
poser groups (Lin & Brookes, 1999; Verma et al., 2007). The
removal approach is, however, sensitive to the selectivity of
the applied inhibitor, which should have no nontarget
effects.

The studies cited above all rely on changes in fungal and
bacterial biomass to elucidate the interaction. Using bio-
mass measurements to investigate the decomposer ecology
in soil may yield ambiguous results, because these measure-
ments will be susceptible to confounding factors including
predation (Cotner et al., 1997) and potential recalcitrance
of biomass proxies (Mille-Lindblom et al., 2004; Zhao et al.,
2005). Assessing the fungal and bacterial growth rates
directly, however, can circumvent these problems (Rousk &
Baath, 2007b) and will thus be more sensitive to detect
effects, both positive and negative.

In the present study one microorganism group of an
intact decomposer community in a natural soil, bacteria,
was inhibited and the response of the other, fungi, was
studied using direct measurements of growth. Three possi-
ble outcomes were predicted following the application of
bacterial inhibitors: (1) inhibiting bacteria would benefit
fungal growth, indicating niche overlap and thus competi-
tion; (2) inhibiting bacteria would not affect fungal growth,
indicating complete partitioning of the fundamental niches
of the decomposers; or (3) inhibiting bacteria also decreases
fungal growth, indicating that bacteria facilitate fungal
growth (synergistic effects). To avoid possible imperfect
inhibitor selectivity, three different bacterial inhibitors,
oxytetracycline, tylosin and bronopol, were applied to soil
and the resulting bacterial and fungal growth were measured
with the leucine (Leu) incorporation technique (Kirchman
et al., 1985; Baath, 1994) and the acetate-in-ergosterol (Ac-
in-erg) incorporation technique (Newell & Fallon, 1991;
Baath, 2001), respectively. The effects of these three inhibi-
tors on soil organisms have previously been studied by e.g.
Anderson & Domsch (1973), Westergaard et al. (2001),
Bailey et al. (2003), Thiele-Bruhn & Beck (2005) and Feeney
et al. (2006).

If decreasing bacterial growth was shown to benefit fungi
(indicating competitive release), it was predicted that the
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strength of this effect would increase with the level of
bacterial growth inhibition during the experiment. There-
fore a range of concentrations was applied, resulting in little
to severe inhibition of bacterial growth, for each inhibitor.
The three bacterial inhibitors were furthermore applied
using three different kinds of substrate amendments, one
where alfalfa had been added to the soil, one where straw
had been added, and one where no substrate had been
added. Rousk & Baith (2007b) showed that applying straw
and alfalfa benefited fungi and bacteria differently; the fungi
benefited more than bacteria when straw was added, and
vice versa when alfalfa was added. This gave a gradient of
bacterial colonization, lowest in the unamended soil, higher
in the straw-amended and highest in the alfalfa-amended
soil. Hence, the bacterial inhibitor should benefit the fungi
increasingly ranging from the unamended to the alfalfa-
amended soil.

Materials and methods

Three bacterial inhibitors (oxytetracycline, tylosin and bro-
nopol) were added to a sandy-loam grassland soil (pH 5.9,
water content 27%, organic matter content 17%, sieved
< 2.8mm), creating gradients of increasing inhibitor
concentrations in a series of microcosms. Oxytetracycline
hydrochloride (CAS 2058-46-0), tylosin tartrate (CAS
74610-55-2) and bronopol (CAS 52-51-7) were purchased
from Sigma Aldrich, Steinheim, Germany. A pilot study was
performed to find suitable concentrations of the bacterial
inhibitors (data not shown). Based on this, oxytetracycline
and tylosin were added at 0, 30, 60, 120, 240, 480, 960 and
1920 pg g71 soil, and the more potent bronopol at 0, 10, 20,
40, 80, 160, 320 and 640 pg g71 soil, using inert talcum
powder to equalize the amount of dry material added to
each soil sample, and to facilitate mixing of the substances
into soil. This resulted in 24 samples, which were duplicated,
giving 48 microcosms consisting of 5 g soil in closed 50-mL
polyethylene Saerstedt tubes.

Three initial soil treatments, (1) unamended, (2) straw-
amended and (3) alfalfa-amended, were investigated in three
independent experiments. Dried, ball-milled (< 0.25 mm)
alfalfa (C/N =15) or straw (C/N =75) was added at 2mgg '
soil. The unamended and straw-amended soil samples were
incubated for 5 days and the alfalfa-amended soil samples
were incubated for 3 days, because previous experiments
had indicated maximal fungal and bacterial growth at these
times (Rousk & Baath, 2007b).

Bacterial growth was estimated using the Leu incorpora-
tion technique (Baath, 1994; Baath et al., 2001). Briefly, 1 g
soil was mixed with 20 mL water and treated on a multi-
vortex shaker at maximum intensity for 3 min. Following
this, low-speed centrifugation at 1000 g for 10 min created
a bacterial suspension in the supernatant. Aliquots of this
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suspension (1.5mL) were transferred to 2-mL microcentri-
fugation tubes, and 2pL labelled Leu, [’H]Leu
(37 MBq mL™', 574 Tqumol’], Amersham) and 2pL
200 mM nonlabelled Leu were added to each tube, resulting
in 275nM Leu in the bacterial suspensions. After 2h
incubation, growth was terminated using 75pL 100% tri-
chloroacetic acid. Washing and subsequent measurement
of radioactivity were performed as described by Baath et al.
(2001). The amount of incorporated radioactivity was
determined using a scintillator, and the amount of Leu
incorporated per mL bacterial suspension and per hour was
used as a measure of bacterial growth.

Fungal growth was assessed using the Ac-in-erg method
(Newell & Fallon, 1991) adapted for soil (Pennanen et al.,
1998; Baath, 2001). Briefly, 1g of soil was transferred to
testtubes to which 0.025mL 1,2-[**CJacetic acid (sodium
salt, 7.4MBq mL™!,  2.04 GBq mmol™!,  Amersham),
0.475mL 1mM unlabelled acetate (pH=6) and 1.5mL
distilled water were added, resulting in a final acetate
concentration of 0.22mM. The resulting soil slurry was
incubated at room temperature (22 °C) without light for
16 h, after which 1 mL 5% formalin was added to terminate
growth. Ergosterol was then extracted, separated and quan-
tified using HPLC and a UV detector (282 nm) according to
Rousk & Badth (2007b). The ergosterol peak was collected.
The amount of incorporated radioactivity was determined
using a scintillator, and the amount of Ac incorporated into
ergosterol per hour and per gram of soil was used as a
measure of fungal growth.

Basal respiration was measured by transferring 1 g of soil
to a 20-mL glass vial, and purging with pressurized air. The
vial was sealed and incubated for 24 h, after which the CO,
concentration was determined using GC.

The relative fungal and bacterial growth rates and respira-
tion (Figs 1 and 2) were calculated as the value derived from
a sample divided by the mean value obtained from the zero
concentration of the bacterial inhibitors of that sample’s soil
(unamended, with straw or alfalfa). The relationships be-
tween relative fungal and bacterial growth were analysed
using log-log (power-curve) regression. The changes (A
values) were calculated as the difference in means between
the four samples of the two lowest inhibitor concentrations
(with no effect) and the four samples of the two highest
concentrations of that soil (unamended, with straw or alfalfa).

To calculate the inhibitor concentration inhibiting 50% of
the activity (effective concentration, ECs), a logistic model
was fitted to the data, Y=c/[1+e *™ @], where Y is the
measured level of Leu incorporation, X is the logarithm of
the concentration of the inhibitor, a is the value of log ECs,
¢ is the growth rate in the control sample and b is a slope
parameter indicating the inhibition rate. Nonlinear regres-
sion analysis was performed using STATSOFT STATISTICA 7.0
statistics software.
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Results

Bacterial growth was clearly inhibited by the addition of
inhibitors. Values of ECso were between 40 and 80 ugg '
for bronopol soil, between 570 and 690 ugg™" for tylosin
soil and between 810 and 1420 pg g for oxytetracycline soil
(Table 1). Significantly higher ECs, values were observed in
the straw-amended than in the unamended soil following
bronopol addition, with alfalfa-amended soils having the
lowest ECs5, values (P < 0.05). The trends for the other two
inhibitors were similar in that alfalfa-amended soils had
lowest ECs values.

Bronopol addition inhibited the bacterial growth simi-
larly in all three soils. After adding bronopol concentrations
above 10 ug g™ soil, the bacterial growth was clearly inhib-
ited, reaching a minimum of < 1% of the growth in the
control samples when 320 g bronopol g " soil or higher was
added (Fig. la—c). The effect on the fungal growth mirrored
the effect on the bacteria, in that at bronopol concentrations
higher than 10pugg™, the fungal growth rate started to
increase, reaching maximum rates of about 25 times that in
the controls in the unamended soil (Fig. 1a), about 20 times
in the alfalfa-amended soil (Fig. 1b) and about 35 times in
the straw-amended soil (Fig. 1c). The respiration showed
no clear pattern in any of the three soils, and was largely
unaffected by the addition of bronopol.

The bacterial growth rate decreased at about 20 ugg ™
tylosin in the unamended and straw-amended soils (Fig. 1d
and f), and at about 50 ugg™" in the alfalfa-amended soil
(Fig. le). Bacterial growth was also similar at increasing
concentrations in the unamended and straw-amended soils,
both treatments resulting in bacterial growth of about 0.3
times that in the controls at the highest tylosin concentra-
tion studied. Bacterial growth in the alfalfa-amended soil
decreased to about 0.1 times that in the controls at the
highest tylosin concentration. Fungal growth in the un-
amended and alfalfa-amended soil was similar. Starting at
tylosin concentrations of 50-100 ugg ', fungal growth in-
creased gradually, reaching a maximum of about 1.5 times
that in the controls in the unamended (Fig. 1d), and about
two times that in the controls in the straw-amended soil
(Fig. 1f). Fungal growth in the alfalfa-amended soil deviated
from that of the controls above 100pugg™ tylosin, and
increased to a maximum of about four times that in the
controls (Fig. le). The respiration rate was largely unaffected
by tylosin application regardless of the concentration (Fig.
1d-f).

Bacterial growth was inhibited by oxytetracycline in the
unamended soil, starting at a concentration of about
100 pgg ™" soil and reaching a minimal bacterial growth of
about 0.4 times that in the controls at the maximum
concentration added (Fig. 1g). Bacterial growth was retarded
at similar concentrations in both the alfalfa- and straw-
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Fig. 1. Response of fungal (OJ) and bacterial (<) growth and respiration rate (O) to increasing concentration of bacterial inhibitors in soils with
different substrate amendments. The responses are relative to the mean value of the zero and lowest concentrations of bacterial inhibitors. (a—c) show
the effects of bronopol, (d-e) those of tylosin and (g—i) oxytetracycline application. (a), (d) and (g) show the results in unamended soil, (b), () and (h)
alfalfa-amended soil, and (c), (f) and (i) straw-amended soil. Bronopol was added at 0, 10, 20, 40, 80, 160, 320 and 640 ugg~" soil and tylosin and
oxytetracycline at 0, 30, 60, 120, 240, 480, 960 and 1920 ugg~" soil. Lines were drawn using smoothing functions.

amended soils (Fig. 1h and i). The effects on fungal growth
(Fig. 1g—i) were somewhat more ambiguous than when
adding the other two inhibitors. However, at concentrations
exceeding 100 ug oxytetracyclineg " soil, the fungal growth
rates in the alfalfa- and straw-amended soils were elevated,
gradually reaching a maximal fungal growth three times that
in the controls (Fig. 1h and i). In the unamended soil,
the fungal growth rate increased to almost twice that in the
controls at the highest oxytetracycline concentration. The
respiration did not deviate from that in the controls in
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the unamended or straw-amended soil (Fig. 1g and i), while
the alfalfa-amended soil (Fig. 1h) exhibited a minor increase
compared with the controls at the highest oxytetracycline
concentration.

The relative fungal growth and the relative bacterial
growth showed an inverse relationship, indicating that a
certain decrease in bacterial growth resulted in a corre-
sponding increase in fungal growth, irrespective of the
inhibitor or soil amendment (Fig. 2). Bronopol application
resulted in significant negative log—log relationships (Fig.
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sions in unamended soil (s, R?=0.84, P < 0.0001), alfalfa-amended soil
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P < 0.0001) and straw-amended soil (M, RZ=0.19, P=0.036).

2a) for unamended soil (R*=0.84, P < 0.0001), alfalfa-
amended soil (R°=0.92, P < 0.0001), and straw-amended
soil (R*=0.91, P < 0.0001). Tylosin also resulted in negative
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Table 1. The effective concentrations of bacterial inhibitors inhibiting
50% of bacterial growth (ECse-values) in soil samples with different
substrate amendments

Bronopol Tylosin Oxytetracycline
Unamended 50 690 1010
(45-59) (430-1110) (790-1300)
Straw-amended 79 660 1420
(70-88) (500-870) (1120-1800)
Alfalfa-amended 37 570 810
(30-46) (410-790) (530-1230)

Mean values and the 95% confidence interval are given within parenth-
eses. Inhibitor concentrations are given in pgg™" soil.

Table 2. Fungal and bacterial growth and respiration rate in soils with
different substrate amendments (mean = SE)

Bacterial growth  Fungal growth

(Leu) (Ac-in-erg) Respiration
Unamended 2.4+0.068 1.9+0.10 0.74+0.004
Straw-amended 3.8+0.074 29+0.24 1.7+0.018
Alfalfa-amended 7.8 +0.29 9.7+0.52 1.6 +0.082

Bacterial growth (measured as Leucine incorporation) is given as
mol x 107'2 Leu incorporated into bacteria, fungal growth (measured
as acetate incorporation into ergosterol) as mol x 10~'? Ac incorporated
into ergosterol, and respiration rate as ug C h~" g™ soil.

log-log relationships between bacterial and fungal growth
(Fig. 2b) in the unamended (R?=0.73, P < 0.0001), alfalfa-
amended (R?=0.85, P < 0.0001) and straw-amended soils
(R?=0.81, P < 0.0001). Although oxytetracycline applica-
tion also inhibited bacterial growth and stimulated fungal
growth in all three soils, resulting in negative log-log
relationships, they were weaker (Fig. 2c, R*=0.44,
P=0.0069 for unamended, R*=0.79, P < 0.0001 for alfalfa-
amended and R*=0.19, P=0.036 for straw-amended soils).

Estimation of absolute levels of fungal growth in the
samples without inhibitors revealed higher levels in the
straw- and alfalfa-amended soils, of about 1.6 and 5.2 times
the unamended soil, respectively (Table 2). The estimated
bacterial growth showed a similar pattern, with absolute
levels about 1.6 and 3.3 times those in the unamended soil
in the straw- and alfalfa-amended soils, respectively. The
respiration increased similarly in the amended soils, to
about 2.5 times in the straw-amended soil and about 2.4
times in the alfalfa-amended soil, compared with the
unamended soil.

The change resulting from application of bacterial inhi-
bitors, measured as the difference between the average of the
two highest concentrations and the average of the zero and
lowest bacterial inhibitor concentration, with no effect on
the measurements, differed between substrate amendments
(Table 3). For each inhibitor applied, the alfalfa-amended
soil showed the largest negative changes in bacterial growth
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(ALeu incorporation) and the largest positive changes in
fungal growth (AAc-in-erg incorporation), while differences
in the straw-amended soil were intermediate, and the
unamended soil showed the smallest absolute changes in
bacterial and fungal growth rates. For instance, bronopol
treatment decreased bacterial growth by 2.3, 3.8 and
7.8 mol x 1072 Leu incorporated, in unamended, straw-
and alfalfa-amended soil, respectively, fungal
growth correspondingly by 44, 92 and
166 mol x 107*? Ac-in-erg incorporated. There were only
small differences in ARespiration, although straw amend-
ment led to negative values (indicating a decrease in
respiration rate at the highest bacterial inhibitor concentra-
tions) while both the unamended and alfalfa-amended soils
had slightly increased values.

while
increased

Discussion

All the three inhibitors repressed bacterial growth without
negatively affecting the fungi, showing that they were
selective in inhibiting bacteria. This study also found clear
dose-response effects on bacterial growth, which were
modelled well by a logistic equation. Fungal growth in-
creased in response to decreased bacterial growth, the
increase corresponding to that of bacterial growth inhibi-
tion. Consequently, the results of this study showed a
negative relationship between fungal and bacterial growth
in the soils studied, indicating that antagonistic effects were
exerted by the bacteria on the fungi (Figs 1 and 2).

The negative relationship between fungal and bacterial
growth was confirmed when contrasting the effects of the
differently amended soils. The unamended soil showed
lowest fungal and bacterial growth rates. Both substrates
stimulated all microbial growth, but it was hypothesized that
the straw would benefit fungal growth more than bacterial,
while the alfalfa-amended soil would benefit bacteria more
than fungi. This means that the bacteria should have been
least established in the unamended soil, intermediately
established in the straw-amended soil, and most established
in the alfalfa-amended soil, indicating that the fungi should
have benefited from inhibited bacterial growth in the same
order. The largest absolute effects on fungal and bacterial
growth induced by the application of bacterial inhibitors
were indeed found in the alfalfa-amended soil; the differ-
ences were intermediate in the straw-amended soil and
smallest in the unamended soil (Table 3), thus confirming
the predictions.

Competition can take place through two main mechan-
isms. In interference competition one group negatively
affects the other through direct inhibition by, for example,
exudation of allelochemical substances. In exploitation
competition one group negatively affects the other by
exploiting a common resource, thus depriving the other
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Table 3. The change in bacterial and fungal growth and respiration rate
after adding bacterial inhibitors to soil samples with different substrate
amendments

ABacterial AFungal
growth growth
(ALeu) (AAc-in-erg) ARespiration
Unamended
Oxytetracycline -14 0.69 0.026
Tylosin -12 0.74 0.37
Bronopol -23 44 0.021
Straw-amended
Oxytetracycline —-1.9 34 —0.18
Tylosin -24 2.1 —0.022
Bronopol —38 92 -04
Alfalfa-amended
Oxytetracycline —52 16 0.33
Tylosin —-53 17 0.023
Bronopol —-78 166 0.21

The means of the control without inhibitor and lowest inhibitor concen-
tration, both of no effect, were subtracted from the means of the two
highest inhibitor concentrations. Bacterial growth (measured as Leu
incorporation) is given as mol x 107'2 Leu incorporated into bacteria,
fungal growth (measured as Ac-in-erg incorporation) as mol x 1072 Ac

incorporated into ergosterol, and respiration rate as ug C h~" g~ soil.

group of this resource. The difference between interference
and exploitation competition would, however, be indistin-
guishable if the total mineralization was unaffected by the
mode of competition. If, however, interference competition
resulted in one of the decomposer groups denying the
other’s access to a resource without fully exploiting it
themselves, the outcome would be a reduction in gross
decomposition. The mode of interaction thus has the
potential to influence the ecosystem functioning pro-
foundly. Although this experiment was not primarily de-
signed to differentiate between these two mechanisms, there
was clear evidence of exploitation competition. The changes
in fungal (AAc-in-erg) and bacterial growth (ALeu, Table 3)
clearly showed that a new resource (straw or alfalfa) was
readily exploited and used by the fungi (positive AAc-in-erg
with substrate) when an inhibitor reduced its colonization
by bacteria. In addition to making a resource available to the
fungi (increasing growth as shown in Fig. 1 and positive
AAc-in-erg with substrate in Table 3), the inhibitor also
reduced the bacterial utilization of the resource (seen as
decreasing growth in Fig. 1 and negative ALeu with substrate
in Table 3). The bacteria thus out-competed the fungi for
the availability of resources when no inhibitor was added, to
exploit them for their own growth. Furthermore, no indica-
tion that the interaction between the decomposers was
different in the unamended soil (Figs 1 and 2, negative ALeu
and correspondingly positive AAc-in-erg in Table 3) was
noticed. Thus, when inhibitors decreased the bacterial
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utilization of resources, this led to corresponding increases
in fungal growth, both in the colonization of new substrates
(straw- and alfalfa-amended soils) and in unamended soil.
The most parsimonious explanation of the results is there-
fore that exploitation competition dominated the interac-
tion between fungi and bacteria in all the soils studied,
although this study is not able to exclude interference
competition.

Although few studies have addressed the fungal and
bacterial interaction during decomposition in soil, some
recent studies have indicated fungal inhibition by the pre-
sence of bacteria (Thiele-Bruhn & Beck, 2005; Feeney et al.,
2006). In both studies, the addition of bacterial inhibitors
(oxytetracyline and bronopol) resulted in an increase in
fungal biomass (ergosterol). However, the extent of bacterial
inhibition was not measured in either study. The increased
fungal growth, and decreased bacterial growth, following
application of heavy metals (Rajapaksha et al., 2004; Tobor-
Kapton et al., 2005) or NaCl (Tobor-Kaplon et al., 2005),
which was interpreted as the fungi being more resistant to
metal and salt stress, might also, at least partly, be an effect of
competitive release.

Antagonism between bacteria and single strains of fungi
on decomposing plant litter has also been shown previously
in limnic microcosms (Mille-Lindblom & Tranvik, 2003).
Contrary to the findings of the present study, the authors
claimed that the detected antagonism was most probably
not due to exploitation competition, because there was a
negative correlation between fungal and bacterial biomass
accumulation before the resources appeared to be ex-
hausted. Similar conclusions were also reached in other
studies of aquatic microcosm experiments (Wohl &
McArthur, 2001; Mille-Lindblom et al., 2006). In addition,
it has been established that bacteria can produce antifungal
substances, and this has been proposed as one explanation
of fungistasis in soil (Lockwood, 1977; Zou et al., 2007).
Hence, the mode of interaction between the decomposer
groups may vary, calling for more research aimed at explor-
ing this.

Inhibitor addition had only minor effects on soil respira-
tion, despite the considerable effects on fungal and bacterial
growth. The straw- and alfalfa-amended soils respired more
than the unamended soil, but the application of bacterial
inhibitors did not affect the total respiration. One explana-
tion of this could of course be that any decline in bacterial
contribution to respiration was compensated for by the
immediate increase in fungal contribution, further indicat-
ing that exploitation competition was indeed the major
mechanism of interaction. Discrepancies between the com-
bined bacterial and fungal growth compared with respira-
tion have, however, been reported previously (Rousk &
Baath, 2007b), suggesting potential uncoupling between
microbial growth and respiration. This could be due, for
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example, to different growth efficiencies (Six et al., 2006). To
determine growth efficiencies, there is often a need for
reliable conversion factors to calculate bacterial and fungal
production from growth rate data. The conversion factor
determined to estimate the production of fungal biomass
from Ac-in-erg measurements in unamended soil (Rousk &
Baath, 2007a) was a step in achieving this, although more
work is still needed to determine conversion factors in
different soils, and to determine conversion factors for
bacterial growth in soil. Estimation of bacterial and fungal
biomass production would enable comparisons of the
relative contributions of fungi and bacteria to decomposi-
tion, finally revealing how the composition of the soil
microbial community affects the carbon budget of different
ecosystems.

Using the Ac-in-erg and Leu incorporation techniques
this study was able to estimate fungal and bacterial responses
to bacterial inhibitors with high sensitivity. It has often been
claimed that to study the effects of inhibiting substances
such as antibiotics in soil one has to add a substrate in order
to observe an effect. Anderson & Domsch (1973), for
example, found that when using selective inhibition to
measure the respiration contribution of fungi and bacteria,
a substantial addition of glucose (1 mg g soil) was required
to measure a negative effect of the added inhibitor. Further-
more, Thiele-Bruhn & Beck (2005) concluded that activa-
tion of microbial activity by adding substrate [in their case
2mgCg " of milled maize and glucose (9:1)] was required
to resolve any influence of the bacterial inhibitors oxytetra-
cycline and sulfapyridine, using respiration and dehydro-
genase activity to assess the activity. Feeney et al. (2006)
found that adding bronopol to soil had no effect in
unamended soil, and that increased fungal biomass was only
detected after adding straw to the soil. In contrast, the
present study showed clear suppression of bacterial growth
by both oxytetracycline and bronopol without having to add
additional nutrients, emphasizing the difference in sensitiv-
ity in direct measurements of growth compared with bio-
mass or gross measurements of activity such as respiration.

In conclusion, this study has demonstrated the antago-
nistic effect of bacteria on fungal growth in a natural soil.
This was achieved by measuring the direct growth of the
decomposer groups using the Leu and Ac-in-erg incorpora-
tion techniques, which allowed the study of the decomposer
interaction in soil without the requirement of substrate
addition. Furthermore, the relationship between bacteria
and fungi did not differ during the colonization of new
substrate compared with native soil conditions, suggesting
that the interaction was primarily characterized by exploita-
tion competition. Finally, there is a call for further studies to
investigate if the interaction between the soil decomposers is
reciprocal, i.e. how the bacterial growth will react to a
selective suppression of fungi.
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The influence of pH on the relative importance of the two principal decomposer groups in soil, fungi and
bacteria, was investigated along a continuous soil pH gradient at Hoosfield acid strip at Rothamsted Research
in the United Kingdom. This experimental location provides a uniform pH gradient, ranging from pH 8.3 to
4.0, within 180 m in a silty loam soil on which barley has been continuously grown for more than 100 years.
We estimated the importance of fungi and bacteria directly by measuring acetate incorporation into ergosterol
to measure fungal growth and leucine and thymidine incorporation to measure bacterial growth. The growth-
based measurements revealed a fivefold decrease in bacterial growth and a fivefold increase in fungal growth
with lower pH. This resulted in an approximately 30-fold increase in fungal importance, as indicated by the
fungal growth/bacterial growth ratio, from pH 8.3 to pH 4.5. In contrast, corresponding effects on biomass
markers for fungi (ergosterol and phospholipid fatty acid [PLFA] 18:206,9) and bacteria (bacterial PLFAs)
showed only a two- to threefold difference in fungal importance in the same pH interval. The shift in fungal and
bacterial importance along the pH gradient decreased the total carbon mineralization, measured as basal
respiration, by only about one-third, possibly suggesting functional redundancy. Below pH 4.5 there was
universal inhibition of all microbial variables, probably derived from increased inhibitory effects due to release
of free aluminum or decreasing plant productivity. To investigate decomposer group importance, growth

measurements provided significantly increased sensitivity ¢

ed with bi based

ements.

P

The soil microbial community is responsible for most nutri-
ent transformations in soil, regenerating minerals that limit
plant productivity. Fungi and bacteria are the two groups that
dominate the microbial decomposer community, and, crudely
defined, they share the function of decomposing organic mat-
ter in soil, indicating that there is a strong potential for inter-
action. There are potentially important differences between
their properties, however, such as biomass elemental compo-
sition (21), nutrient demand (22, 53, 63, 65), turnover rate (54),
metal tolerance (52), temperature dependence (51), and food
web linkage (33, 37, 46). Consequently, anthropogenic impacts,
such as changes in nutrient input, climate change, and soil
management, have the potential to directly or indirectly affect
the bacterial and fungal composition, with consequent impacts
on soil function.

Efforts to distinguish between these two components of the
microbial community have almost exclusively used biomass-
based techniques, e.g., microscopy and biochemical markers,
including phospholipids fatty acids (PLFAs) (28, 66) and glu-
cose amines (5), as well as DNA-based molecular techniques
(18, 44). However, biomass-based measurements are only in-
directly related to process contribution, and estimating process
contribution from biomass requires knowledge of its status
(ranging from dormant to highly active), which often is difficult
to differentiate. Attempts have been made to relate gross ac-
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tivity (respiration) to the biomass composition of fungi and
bacteria (16, 17, 36). This causal connection is weak due to
decoupling by variable growth efficiency (60, 61), i.e., vari-
ation in the proportion of substrate C used for biomass
production compared with the amount expended for energy
in respiration, which may result in a lack of correlation of
basal respiration with direct estimates of fungal and bacte-
rial growth (53, 55).

One of the most influential factors affecting the microbial
community in soil is pH. pH strongly influences abiotic factors,
such as carbon availability (4, 42), nutrient availability (1, 41,
42), and the solubility of metals (24, 25). In addition, soil pH
may control biotic factors, such as the biomass composition of
fungi and bacteria (23), in both forest (12, 17, 28) and agricul-
tural (6, 15) soils. An inherent problem in studying soil pH
effects is its varied influence on multiple parameters. Experi-
mentally manipulating the pH of a soil may result in changes in
several factors that are hard to separate. Conversely, compar-
ing pHs of different natural soils introduces confounding fac-
tors, frequently unidentifiable, derived from differences in soil
type and management regimen that also vary between soils.

Our aim was to assess how the relative importance of fungal
and bacterial decomposers was affected by soil pH. Instead of
inferring process contributions only from biomass estimates,
we estimated them directly using measurements of fungal and
bacterial growth. To do this, we studied the effects of soil pH
on fungal and bacterial growth and biomass, as well as basal
respiration, in soil samples obtained along the Hoosfield acid
strip (1, 2), which has a pH gradient from pH 4.0 to 8.3, a
uniform history of management regimen, and the same soil
type.



1590 ROUSK ET AL.

MATERIALS AND METHODS

Soil, sampling, and preparation. The soil in the Hoosfield acid strip at Roth-
amsted Research, United Kingdom, is classified as Typic Paleudalf (62) or
Chromic Luvisol (26). Such soils were originally acidic and well drained to
moderately well drained and developed in a relatively silty (loess-containing)
superficial deposit overlaying and mixed with clay with flints. The topsoil is a
flinty, silty clay loam (18 to 27% clay).

Hoosfield has been under arable management since before the 19th century. It
probably received only a single heavy (150 to 250 tons ha™!) dressing of chalk in
the latter half of the 19th century. Chalk dressing was dug from infield “bell pits”
or from “dell holes” on bordering slopes. The soil from the site which we studied
(the Hoosfield acid strip) has not received any other amendment, including
chemical or organic fertilizer, since then (A. E. Johnston and P. R. Poulton,
personal communication). By the 1950s, the reserves of CaCOj; remaining from
the earlier application had become exhausted by leaching at distances furthest
from the original chalk pits. At these locations the soil had become acidic (7).

We sampled along the first 180 m of the strip by taking 5-cm-diameter, 0- to
23-cm depth cores at each sampling position along the gradient. The gradient
was sampled every 10 m between 0 and 40 m, then every 5 m between 40 and
120 m, and then every 10 m between 120 and 180 m of the gradient. The greater
number of samples between 40 and 120 m was based on the faster pH changes
found previously in that interval (1). The 27 resulting soil samples were sieved
(<2.8 mm) in the laboratory, and water contents were determined (105°C, 24 h).
The moisture contents of the soil samples were about 40% of the water-holding
capacity, so further moisture adjustment was not required. The soil samples were
incubated at 22°C for 1 week before the microbial analyses were performed.
Three replicates from each soil sample were used for all microbial analyses
except respiration (n = 2). Subsamples of the sieved soil were frozen until the
PLFA analysis was performed 3 weeks later. Other sieved samples were air dried
and ground (<180 wm) for chemical analyses. All measurements given below are
based on soil oven dry weights (105°C, 24 h).

Between about pH 4.5 and 8.3 no differences in crop yield could be discerned;
however, there was virtually no crop yield below pH 4.5 (J. C. Aciego-Pietri,
unpublished Ph.D. thesis, University of Nottingham, United Kingdom, 2001). To
reflect the difference, the data are presented separately as (i) data for pHs below
pH 4.5 and (ii) data for pH 4.5 to 8.3 (see Discussion).

Bacterial growth. The bacterial growth rate was estimated using leucine (Leu)
(43) and thymidine (TdR) (29) incorporation into bacteria extracted from soil
using the homogenization and centrifugation techniques described by Bédth (8,
9) and Bédth et al. (14). Soil samples (1 g, fresh weight) were mixed with 20 ml
distilled water using a multivortex shaker at maximum intensity for 3 min. This
was followed by low-speed centrifugation at 1,000 X g for 10 min to create a
bacterial suspension in the supernatant. Aliquots (1.5 ml) of this suspension were
transferred to 2-ml microcentrifugation tubes, and 2 ul [*H]Leu (37 MBq ml ™!
and 5.74 TBq mmol ~'; Amersham) was added with nonlabeled Leu to each tube,
resulting in 275 nM Leu in the bacterial suspensions. After 2 h of incubation,
growth was terminated with 75 wl 100% trichloroacetic acid. Washing and sub-
sequent measurement of radioactivity were performed as described by Béath et
al. (14). To ascertain that the measured bacterial growth response was not
derived from altered communities with different abilities to incorporate the
precursor Leu into bacterial protein along the gradient, we also used the inde-
pendent precursor TdR for bacterial DNA. The same procedure was thus used
with dual labels. Five microliters of ['*C]Leu (1.85 MBq ml™! and 11.3 GBq
mmol~!; Amersham) and 5 l of [PH]TdR (37 MBq ml~ ! and 925 GBq mmol ';
Amersham), were added to each tube, resulting in 130 nM [*H]TdR and 550 nM
["*C]Leu in the bacterial suspensions. The amounts of Leu and TdR incorpo-
rated into extracted bacteria per hour per gram of soil were used as measures of
bacterial growth.

Fungal growth and biomass. Fungal growth was assessed using the acetate-
into-ergosterol-incorporation method (47) adapted for soil (11), with modifica-
tions. Briefly, 1 g (fresh weight) of soil was transferred to test tubes to which 20
ul [1-"*CJacetic acid (sodium salt; 7.4 MBq ml~! and 2.04 GBq mmol " '; Am-
ersham), 480 wl 1 mM unlabeled sodium acetate, and 1.5 ml distilled water were
added, resulting in a final acetate concentration of 220 pM. The resulting soil
slurry was incubated at room temperature (22°C) without light for 4 h, after
which 1 ml 5% formalin was added to terminate growth. Ergosterol was then
extracted, separated, and quantified using high-performance liquid chromatog-
raphy and a UV detector (282 nm) (52). Fungal biomass was estimated by
assuming that 5 mg of ergosterol corresponded to 1 g of fungal biomass (38, 57).
The ergosterol peak was collected, and the amount of incorporated radioactivity
was determined. The amount of acetate incorporated into fungal ergosterol per
hour per gram of soil was used as a measure of fungal growth.
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Respiration. Three grams (fresh weight) of soil was weighed into 20-ml glass
vials, and the vials were sealed. After 30 min, any surplus CO, in the atmosphere
in the respiration vials was purged with pressurized air, setting the initial CO,
level to the ambient level, after which the vials were sealed with crimp caps and
incubated in the dark at 22°C for 22 to 24 h. The CO, content was determined
using gas chromatography.

Bi position of the . The PLFA pattern was determined
using 2 g of frozen soil as described by Frostegérd et al. (28). The PLFAs chosen
to indicate bacterial biomass were i15:0, al15:0, i16:0, 16:109, 16:1w7¢, 10Me16:0,
cyl7:0, i17:0, a17:0, 18:1w7, and cy19:0, while PLFA 18:2w6,9 was used to indi-
cate fungi (27). The fatty acid concentrations were estimated using 19:0 as an
internal standard.

Soil chemical analyses. Soil pH was measured at a soil/water ratio of 1:2.5
(wt/wt). Air-dried soil (10 g, <2.8 mm) and 25 ml distilled water were shaken
together for 2 min and left to settle for 30 min, this procedure was repeated once,
and then the pH was determined with a pH electrode. Total N and organic C
were measured by dry combustion using a Leco CNS-2000 autoanalyzer.

RESULTS

Soil chemical analyses. Starting at about pH 8.0 at the gra-
dient origin, the pH reached a maximum of 8.3 at 10 m along
the gradient. After 50 to 60 m along the gradient (pH 8.0) the
pH declined almost linearly to about 4.1 at 115 m (Fig. 1A).
After 115 m the pH remained between 4.0 and 4.1 until 180 m,
the last sampling position (pH 4.1).

The soil organic C content increased rapidly from pH 4 to
about pH 4.5, from about 0.75 to 0.90%, and then apparently
plateaued at around this concentration, although there was
considerable scatter in the data (Fig. 1B). The total soil N
content showed a pattern similar to that of the soil organic C
content, increasing from about 0.09 to 0.11% from pH 4 to 4.5
(Fig. 1C). Consequently, soil C/N values were quite stable,
varying only between 8.4 and 9.2 over the entire gradient.
These data are consistent with those previously reported for
the same site (2).

Bacterial growth. Bacterial growth as indicated by [*H]Leu
incorporation was fastest at pHs above pH 7, after which it
declined steadily with decreasing pH by 80%, from about 25
pmol Leu g ' h™! at pHs above pH 7.0 to about 5 pmol Leu
¢~ ' h™"at pH 4.5 (Fig. 2A) (R* = 0.45, P = 0.005). The rate
of Leu incorporation continued to decrease to the lowest rate,
about 1 pmol Leu g=! h™! at pH 4, equivalent to a total
decrease in bacterial growth over the whole pH gradient of
more than 90%. The results of the independent run measuring
TdR and Leu incorporation with the dual labels [*H]TdR and
[*C]Leu corroborated this result with identical representa-
tions of the bacterial growth response to pH (see Fig. S1 in the
supplemental material). This resulted in linear relationships
between [*H]|Leu and [*H]TdR (R* = 0.95, P < 0.0001), as well
as between [*H]Leu and ['*C]Leu (R* = 0.97, P < 0.0001). The
results for the dual precursors ['“C]Leu and [*H]TdR also
correlated well with each other in the same run (R* = 0.97, P <
0.0001).

Fungal growth. Fungal growth as indicated by acetate in-
corporation into ergosterol was related to pH in a very
different way than bacterial growth (Fig. 2B). Between pH
8.3 and 4.5, fungal growth increased fivefold as an exponen-
tial function (R* = 0.97, P < 0.0001), from about 5 to about
25 pmol acetate g~ ' h™!, with decreasing pH. Below pH 4.5
the relationship with pH was reversed, and between pH 4.5
and 4.0 fungal growth decreased sharply from about 25 to 5
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FIG. 1. Soil pH along the Hoosfield acid strip (A) and the effect of pH on organic C (B) and total N (C). Data for pHs less than pH 4.5 (open
circles) were not used in the regression analyses (see Discussion).

pmol acetate g~' h™'. Thus, the maximum fungal growth

occurred at about pH 4.5.

Fungal growth and bacterial growth were negatively cor-
related between pH 4.5 and 8.3 (Fig. 3A) (R* = 0.66, P <
0.0001). The fungal growth/bacterial growth ratio increased

40

w
o

(pmol b g'l)
3

Leu inc. into extracted bacteria
5

at lower pHs by a maximum of about 30-fold, from about
0.15 to about 5 between pH 8.3 and 4.5 (Fig. 3B) (R*> = 0.91,
P < 0.0001). Below pH 4.5 the growth ratio did not show a
clear trend, and there was a broad range of ratios at pHs

around pH 4.
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FIG. 2. Effect of pH on bacterial growth as measured by leucine incorporation (A) and on fungal growth as measured by acetate incorporation
into ergosterol (B). Data for pHs less than pH 4.5 (open circles) were not used in the regression analyses (see Discussion). The error bars indicate
+1 standard error (n = 3). inc., incorporation.
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Fungal and bacterial biomass. The bacterial PLFA con-
centration was highest at the highest soil pH, just over 20
nmol bacterial PLFA g™, and remained virtually unchanged

the minimum level, about 10 to 14 nmol bacterial PLFA g~ ',

at pH 4.
The initial fungal PLFA 18:2w6,9 concentration was about

until the pH was about 4.5 (Fig. 4A), and then it declined to 0.60 nmol g~ at the highest pH, and then the concentration
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(open circles) were not used in the regression analyses (see Discussion). The error bars indicate *1 standard error (n = 3).
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appeared to increase slightly to about 1 nmol g~ at pH 6 and
declined to about 0.65 nmol g~ ' at pH 4.5 (Fig. 4B). The fungal
PLFA concentration was lowest at pH 4, 0.20 nmol 18:206,9
¢~ . The comparatively large influence of pH on the fungal
PLFA compared to the marginal responses to pH of the bac-
terial PLFAs resulted in a fungal PLFA/bacterial PLFA ratio
that closely mirrored the PLFA 18:2w6,9 concentration (Fig.
4C), except for a somewhat slower decline below pH 4.5, when
the bacterial PLFA concentration also declined.

The fungal biomass, estimated from the soil ergosterol
concentration, was influenced by pH similar to the fungal
PLFA marker; it started at about 50 pg g~ ' at pH 8, in-
creased to a maximum of about 80 pg g~ ' at pH 6, and then
decreased at lower pHs to about 60 pg g~ ' at pH 4.5 (Fig.
5A) and to a minimum of about 20 wg g~ ' at pH 4. The
concentration of the fungal PLFA marker 18:206,9 conse-
quently correlated linearly with the fungal biomass esti-
mated from ergosterol (R? = 0.71, P < 0.0001) (Fig. 5B),
and 1 nmol 18:2w6,9 corresponded to about 0.40 pg ergos-
terol, equivalent to 80 pg fungal biomass.

Respiration. Respiration decreased by about one-third to-
ward lower pHs, from 0.55 pg CO, g~ ' h™" at pH 8 to 0.35 pg
CO, g ' h™! at pH 4.5. Below pH 4.5 it decreased rapidly to
a minimum of about 0.10 pg CO, g~ ' h™! at pH 4 (Fig. 5).

DISCUSSION

There appeared to be two separate effects acting on the
microbial community along the pH gradient of the Hoosfield
acid strip. This was most clearly seen in the fungal growth data,
which showed that the peak growth rates were at pHs of about
pH 4.5 (Fig. 2A). The narrow pH range between pH 4.0 and
4.5 induced dramatic decreases in the growth rate and biomass,
and all of the microbial variables correlated well, suggesting
that there is a threshold. Since in forest soils with pHs below 4
the fungal growth rates are higher than those in soils with
higher pHs (50) and high biomass concentrations and respira-
tion rates are maintained at pHs even below pH 4 (17), it is
likely that it was not the pH per se that was the cause of the
decreases in all variables below pH 4.5. Results of previous
studies of the same pH gradient suggest two mechanisms for

the general decreases in microbial parameters below pH 4.5:
(i) below pH 5 a pronounced increase in the available alumi-
num (an increase from virtually zero above pH 5 to 600 mg Al
kg ! soil at pH 4 has been observed [2]), and (ii) crop growth,
which decreases to virtually zero below pH 4.5 (Aciego-Pietri,
unpublished Ph.D. thesis), decreasing the availability of easily
available root-derived C as a substrate input. The lack of plant-
derived C is corroborated by the decrease in the organic C
level below pH 4.5 (Fig. 1B). Further work is required to rank
the relative importance of these factors, but it is possible that
the decline in crop yield was related to the high availability of
Al and its toxicity, so that plant-derived C and Al toxicity to the
microbial community are confounded. However, Aciego Pietri
(unpublished Ph.D. thesis) monitored the development of mi-
crobial communities in soil samples from the same pH gradient
in laboratory incubations following the addition of wheat straw
as a substrate. The increase in cumulative respiration and
biomass accumulation following substrate addition to soils be-
low pH 4.5 did not differ markedly from the results for soil
samples above pH 4.5, indicating that aluminum toxicity was
not the limiting factor for the microbial communities in this
soil. Irrespective of the mechanism, it is clear that the general
inhibitory effects below pH 4.5 in the Hoosfield acid strip
are very different from the pH effects above pH 4.5. For this
reason, the analyses of the results (Fig. 1 to 6) and the
remainder of the discussion concerning the influence of pH
on microbial parameters focus exclusively on the pH range
above pH 4.5.

The largest effect of pHs above pH 4.5 was on fungal and
bacterial growth, and there were opposing pH effects. This
resulted in a 30-fold increase in the relative importance of
fungi (Fig. 3B), as indicated by the growth ratio; the highest
ratio was at about pH 4.5. The influence of pH on bacterial
growth has been investigated previously. Badth and Arnebrant
(13) reported that treatment of forest soils with lime and ash,
which resulted in pH changes from about pH 4 to 7, increased
bacterial growth about fivefold, as measured by TdR incorpo-
ration. Similarly, a study that included 19 different soils from
areas with various land uses, spanning a pH range from 4 to 8,
showed that there was an increase in bacterial growth with
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higher pHs as measured by Leu incorporation (10). Bacterial
growth increased fourfold between pH 4 and pH 8.

There have been few joint determinations of both fungal and
bacterial growth. Previous approaches to investigate the influ-
ence of soil pH on fungal and bacterial growth in soils either
used soils with a much more restricted pH range (pH 3.6 to
4.1) in forest humus (50) or studied the acute effects of artifi-
cially increasing the pH on bacterial and fungal growth (6).
However, in both cases increased bacterial growth and de-
creased fungal growth were found at higher pH. Thus, the
general pattern reported previously is clearly corroborated by
our results, suggesting increasing fungal dominance of decom-
position, as indicated by the growth ratio, at lower soil pHs.

Respiration, a measurement of the total activity of the soil
microbial community, was not as strongly affected by pHs be-
tween 4.5 and 8.3 as the microbial growth rates were (Fig. 6).
A small effect on total activity during such a massive shift
within the microbial community has been noted previously
during decomposition of added plant material to soil (53) and
in an experiment where the bacterial contribution to decom-
position was completely inhibited with specific antibiotics (53).
The small change in total activity during the shift between the
contributions of fungi and bacteria to the process could indi-
cate the complementarity of the two major decomposer groups
involved in soil C mineralization, suggesting that they are, in
effect, at least partially functionally redundant. It should be
noted, however, that the processes of mineralization and mi-
crobial growth, despite the intuitive connection, are not di-
rectly linked (40, 59), since the partitioning of a substrate into
growth and respiration varies, resulting in different growth
efficiencies (60, 61).

The close correlation between the decline in bacterial
growth and the increase in fungal growth as soil pH declines
requires explanation. One potential explanation could be in-
dependent physiological limitations by pH of the separate de-
composer groups; i.e., low hydrogen ion concentrations limit
fungal growth, and high hydrogen ion concentrations limit
bacterial growth, with no direct causal connection between the
groups of organisms. The negative correlation between fungal
growth and bacterial growth is indicative of some dependence
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between the groups, however. Artificially reducing the bac-
terial contribution to decomposition using selective inhibi-
tors clearly revealed a negative correlation between bacte-
rial growth and fungal growth, indicating a negative influence
of bacteria on fungal growth (55). Selectively manipulating the
fungal contribution to decomposition while monitoring the
response of bacterial growth to investigate the reciprocal in-
fluence of fungi on bacterial growth in soil has not been at-
tempted using growth-related techniques. A possible mecha-
nism for the negative correlation between bacterial growth and
fungal growth along the Hoosfield acid strip (congruent with
previous findings [55]) is that low pH is physiologically disad-
vantageous to the bacteria, decreasing bacterial competition
and thus favoring fungal growth. Applying selective fungal and
bacterial inhibitors (55) may resolve this question and demon-
strate, e.g., if an increase in fungal growth can occur if growth
of the bacterial population is suppressed.

The biomass-based measurements gave a different picture of
the importance of fungi and bacteria along the pH gradient
than the growth-based measurements gave (cf. Fig. 3B and
4C). The lack of large effects on the fungal PLFA/bacterial
PLFA ratio caused by a change in the soil pH is consistent with
earlier results obtained using, e.g., PLFA-based techniques
(12, 32) and total soil microbial biomass measurements com-
bined with ergosterol to distinguish fungi (30, 45). This does
not support the established concept that fungi are more abun-
dant in acid soils, such as forest soils (39). However, one factor
to which studies of pH influence may be particularly suscepti-
ble is the influence of mycorrhizae. A natural soil pH gradient
is often correlated with a vegetation gradient and thus has
different degrees of ectomycorrhizal colonization. Typically,
there is a shift toward vegetation with more ectomycorrhizae as
the pH declines (48). Consequently, conclusions concerning
the effects of pH on the proportions of fungi and bacteria as
decomposers may be compromised if biomarkers that also are
indicative of ectomycorrhizae, such as ergosterol and PLFA
18:206,9, are used (35, 48), potentially exaggerating the im-
portance of saprotrophic fungi at low pH. The only mycorrhi-
zae potentially present in the Hoosfield acid strip were arbus-
cular mycorrhizae, which do not contain ergosterol (49), and
thus this factor should not have influenced our results.

The selective respiratory inhibition technique (3) has also
been used to monitor effects of soil pH on fungi and bacteria.
Using this technique, increases in the fungal biomass/bacterial
biomass ratio of 4.5-fold between pH 7 and 3 (12) and of two-
to sixfold between pH 6 and 3 (17) have been reported. How-
ever, the partitioning of potential respiration by using antibi-
otics to estimate fungal and bacterial biomasses has repeatedly
been challenged (56, 64). Still, it is noteworthy that this bio-
mass technique, which inherently relies on active microorgan-
isms, has high responsiveness to pH effects. The results ob-
tained with it thus most closely resemble the results obtained
with the growth-based techniques that we used in the present
study. However, the 30-fold difference in the fungal growth/
bacterial growth ratio resulting from changing soil pH is at
least fivefold greater than the fungal biomass/bacterial biomass
ratio response (maximum, sixfold) obtained using the selective
respiratory inhibition technique.

Why did biomass measurements deviate from growth mea-
surements? It has been suggested that the frequently observed
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lack of change in biomass measurements compared to
growth measurements can be due to predatory effects (53);
i.e., changes in the production of bacterial biomass are not
reflected in the biomass since the next trophic level quickly
absorbs the increase (20). Increases in bacterial predator bio-
mass have indeed been detected in soil treated to increase
bacterial growth (19, 58). With additional assumptions, a sim-
ilar dynamic could also explain the discrepancy between fungal
biomass and growth in the present study.

However, bacterial PLFAs appeared to be particularly sta-
ble. This could be due to the active part of the biomass being
relatively small compared to the dormant part (53), obscuring
significant changes. In addition, bacterial PLFAs may be less
sensitive to environmental disturbances than fungal PLFA
markers (31, 34, 35), which might indicate different turnover
times for different markers (53). However, the microbial com-
munity along the Hoosfield acid strip has had numerous
decades to adapt its composition to prevalent conditions, ren-
dering this explanation doubtful in the present study.

In conclusion, this study showed that neutral or slightly al-
kaline conditions favored bacterial growth. Conversely, an acid
pH favored fungal growth. This resulted in an increase in the
relative importance of fungi by a factor of 30 from pH 8.3 to
pH 4.5. The drastic shift in fungal and bacterial growth affected
basal respiration in the same pH range to a relatively minor
extent, possibly suggesting functional redundancy in C min-
eralization. It was not possible to reconcile bacterial and
fungal biomass measurements with growth measurements,
which compromises the reliability of biomass-based meth-
ods to properly assess the relative importance of fungi and
bacteria in soil. The use of growth-based measurements
proved to be a sensitive way to compare the relative impor-
tance of the two major decomposer groups in soil, fungi and
bacteria.
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Investigating the mechanisms for the opposing pH-
relationships of fungal and bacterial growth in soil
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Abstract

Soil pH is one of the most influential variables in soil, and recurrently
concluded to be a powerful predictor of the biomass, activity and compo-
sition of the microbial community. Previously it has been shown in a cen-
tury old artificial pH gradient in arable soil (pH 4.0 — 8.3) that the major
decomposer groups, fungi and bacteria, are oppositely dependent on pH;
bacterial growth is positively related to pH, while fungal growth increases
with low pH, resulting in a pronounced shift toward higher fun-
gal:bacterial growth ratio and thus fungal importance toward lower pH. In
an attempt to elucidate some of these mechanisms, plant material that es-
pecially promotes fungal growth (straw) or bacterial growth (alfalfa) were
added to the soil samples of the pH gradient in 5-day incubation experi-
ments in laboratory microcosms. In addition, bacterial growth was specifi-
cally inhibited by applying a selective bacterial growth inhibitor
(bronopol) along the entire gradient to investigate if competitive interac-
tion, where bacteria outcompeted fungal growth, caused the shift in the
decomposer community along the gradient. The shift in fungal:bacterial
growth ratio was not affected by substrate additions, indicating that lack
of a suitable substrate was not the cause for the pH effect on the mi-
crobial community. The competitive interaction between the decomposer
groups was more ambiguous. In response to the suppression of bacterial
growth by bronopol, there was a partial stimulation of fungal growth resul-
ting in higher fungal growth up to pH 7, but not beyond. However, the
cumulative fungal growth during the incubation period, estimated as the
ergosterol concentration, increased in the entire pH gradient after adding
alfalfa, indicating that fungal growth had been high at some time during
the 5-day incubation following alfalfa addition combined with bronopol.
Higher resolution in a follow-up time series experiment corroborated this
explanation, since bacterial growth initially was entirely suppressed by
bronopol application in the entire gradient, but re-emerged after about 4
days in the high pH-end of the gradient. In conclusion, the low fungal
growth at high pH in an arable soil was shaped to a large extent by the
competitive exclusion by bacteria, and was unrelated to limitation by lack
of a suitable substrate.

Keywords:

Fungal-to-bacteria ratio; fungal growth; bacterial growth; soil pH; decomposer interaction; acetate incorpora-
tion into ergosterol; leucine incorporation.

" Correspondance: Johannes Rousk, phone +46 46 222 3762, email: johannes.rousk @mbioekol. lu.se,




J. Rousk et al. | Mechanisms for opposing fungal and bacterial pH-relationships in soil

1. Introduction

Fungi and bacteria together dominate the
decomposition of organic matter in soils. There
are important differences between the mi-
crobial groups, however, and it has been shown
that they are asymmetrically influenced by dif-
ferent factors, including nutrient status (de Vries
etal,, 2006; 2007; Demoling et al., 2008), metal
tolerance (Rajapaksha et al., 2004) and substrate
quality (Rousk and Baath, 2007b; Meidute et
al, 2007; Giisewall and Gessner, 2009; Strick-
land et al,, 2009a, b). Since bacterial and fungi
constitute the base of the saprotrophic food-
web in soil a change in their relative importance
will cascade through the food-web. A fungal
dominated system has also been suggested to
contribute more to C sequestration due to
higher growth efficiency (Six et al, 2006), al-
though this has been questioned (Thiet et al,
2006), and higher biomass recalcitrance (Bardg-
ett and McAlister, 1999; Van Groenigen et al.,
2007).

Soil pH is one of the most influential factors
in soil, and recurrently concluded to be a power-
ful predictor of the biomass, activity and com-
position of the microbial community (e.g. Bla-
godatskaya and Anderson, 1998; Baath and
Anderson, 2003; Nilsson et al., 2007; Hégberg
et al., 2007; Lauber et al, 2008; Jones et al.,
2009; Rousk et al., 2009). Often it is non-trivial
to isolate the soil pH effect from confounding
variables, including soil organic matter content,
land-use and nutrient status. In a long-term ex-
perimental field at Rothamsted Research, UK,
an artificial pH gradient was initiated in the
mid-19% C that resulted in a pH gradient rang-
ing from 4.0 to 8.3 within 200 m in the same
agricultural field with no fertiliser amendments
and the same cropping history since its estab-
lishment. This experiment, the Hoosfield acid
strip, thus presented a soil where the variable soil
pH was maximally isolated from confounding
variables (Aciego Pietri and Brookes, 2008a, b;
Rousk et al., 2009).

Recently, fungal and bacterial growth was es-
timated along the Hoosfield acid strip in an
attempt to estimate how soil pH influenced the
relative importance of fungi and bacteria
(Rousk et al., 2009). There was more than a
five-fold increase in fungal growth between pH
8.3 and 4.5, while bacterial growth decreased
about five-fold in the same interval. This resul-
ted in an almost 30-fold increase in the relative
importance of fungi, indicated by the growth
ratio, toward lower pH.

Below pH 4.5, the pattern described above
of the relationship between microbial variables
and pH deviated, however, in that a general
decrease in all microbial variables between pH
4.5 and 4.0 was found, including a 4 to 5-fold
decreases in both fungal and bacterial growth as
well as respiration. Two explanations were pro-
posed for the decline in microbial variables be-
low pH 4.5: (i) a direct toxic effect by the release
of free Al (AP* increased from 0 to 500 mg kg!
soil, Aciego Pietri and Brookes, 2007b) or (ii) a
decrease in available C due to the decreased
plant C input (significantly reduced below pH
4.5, J.C. Aciego, unpublished PhD thesis, Uni-
versity of Nottingham, 2001).

In this study, we aspired to investigate if the
low bacterial growth at low pH, and the low
fungal growth at high pH, was an effect of sub-
strate, being more limited for fungi at high pH
and vice versa. To test this, we added plant ma-
terial; straw, earlier shown to especially promote
fungal growth, or alfalfa, shown to especially
promote bacterial growth (Rousk and Baith,
2007b). If the fungal growth still was low with
higher pH following substrate amendment, this
would suggest that fungal growth was limited by
cither pH directly or due to a competitive inter-
action with bacteria, and vice versa for bacterial
growth. To partly test the latter of these explan-
ations, we selectively inhibited bacterial growth
along the entire pH gradient and monitored the
fungal response to this. Finally, we wanted to
explicitly test if the cause of the general decline
of microbial variables between pH 4.5 and 4.0
was lack of substrate (limited plant C input).
Consequently, our hypotheses were:

(i) Addition of plant substrate (alfalfa or
straw) will induce fungal growth also at
the high pH, and bacterial growth at low
pH.

(ii) The bacterial growth inhibition will
stimulate fungal growth, resulting in high
fungal growth across the whole pH
gradient.

(iii) Substrate addition will stimulate fungal
and bacterial growth between pH 4.0
and 4.5, indicating that the decline in
microbial variables was due to lack of
substrate and not AP* toxicity.
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2. Material and Methods
2.1. Soil

The soil used for all the experimentation is
described by Aciego-Pietri and Brookes (2008a,
b). The soil (27 samples covering the pH gradi-
eng; Rousk et al, 2009, where also background
data on these soil samples are found) were col-
lected in April 2008 and were stored frozen
until September. The samples were subse-
quently thawed, sieved (<2.8 mm) and con-
trolled for water content (105 °C, 24 h). The
variation in moisture content of the soils sam-
ples was low, and all were close to 40 % (w/w),
so adjustment was not needed. The samples
where then stored in dark conditions at 5 °C for
1-2 months, until used in the addition experi-
ments.

2.2. Experimentation
2.2.2. Application of straw, alfalfa and bronopol.
Subsamples (5 g) were added to 50 mL

Saerstedt polyethene plastic tubes, and straw or
alfalfa (1 mg C g! soil) were added without or
combined with the bacterial inhibitor bronopol
(40 pg g' soil; a concentration determined in a
pilot experiment to effectively reduce bacterial
growth without non-target inhibition of fungal
growth), totalling 108 microcosms for each
plant material (the straw amended series was run
in November and the alfalfa amended series in
December). The microcosms were incubated in
dark conditions for 5 days at 22 °C, and were
subsequently analysed for fungal growth, bacte-
rial growth, ergosterol concentrations, respira-
tion and SIR-biomass.

2.2.3. Time-series experiment

Microcosms (15 g) of four soil samples from
the high end of the gradient (pH 8.1 + 0.1), one
sample from pH 5.1 and one sample from pH 4
were treated in a full factorial design of straw or
alfalfa (1 mg C g! soil) and in the presence or
absence of bronopol (40 pg g soil). Subsamples
were analysed for fungal growth, ergosterol con-
centration and bacterial growth immediately
following treatment application (0 days), after 1,
2, 4, and 7 days incubation in dark conditions

at22°C.

2.2.4. Bronopol tolerance of the bacterial com-
munity

The bacterial community tolerance of one
of the soils from the high end of the pH gradi-
ent (pH 8) was investigated for bronopol toler-

ance following the time-series experiment ac-
cording to Aldén Demoling et al. (2009). Sub-
samples of the bacterial suspension (see section
2.3.1) from the four different treatments were
exposed to 12 levels of bronopol (0 — 1.5 mg ml
1) to determine the concentration that inhibited
the bacterial growth by 50 % (ECso). A higher
ECso would indicate that the bacterial com-
munity was more tolerant to bronopol.

2.3. Microbial analyses
2.3.1. Bacterial growth

The bacterial growth rate was estimated
using leucine (Leu; Kirchman et al., 1985) in-
corporation in bacteria extracted from soil using
the homogenization/centrifugation techniques
described by Baith (1992; 1994) and modified
by Baath et al. (2001). The amounts of Leu
incorporated into extracted bacteria h' g soil
were used as measures of bacterial growth.

2.3.2. Fungal growth and biomass

Fungal growth was assessed using the acetate
into ergosterol incorporation method (Newell
and Fallon, 1991) adapted for soil (Baath, 2001)
with modifications according to Rousk et al.
(2009). Ergosterol was extracted, separated and
quantified using HPLC equipped with a UV
detector (282 nm) (Rousk and Baith, 2007b).
Fungal biomass was estimated assuming 5 mg
ergosterol g fungal biomass (Joergensen, 2000;
Ruzicka et al., 2001). The ergosterol peak was
collected and the amount of incorporated
radioactivity was determined. The amount of
acetate (Ac) incorporated into fungal ergosterol
h' g! soil was used as a measure of fungal
growth.

2.3.3. Basal respiration and SIR-biomass

Basal respiration was analysed in 20 ml glass
vials (using 3g of soil) closed with crimp caps
and incubated in dark conditions at 22°C for
22-24 h. The CO; was determined using gas
chromatography.

Microbial biomass was estimated using the
substrate-induced-respiration ~ (SIR).  Glu-
cose:talcum (4:1; 6 mg g') was added to the soil
samples following the gas chromatography ana-
lyses. After 20 minutes, the atmosphere was
purged of CO, with pressurised air, after which
they were again closed with crimp caps, and
incubated for 2-3 h in dark conditions at 22 °C.
The CO,; production was then determined.
SIR-respiration was converted to biomass using
the relationship 1 mg CO; h! at 22°C corres-

3
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Fig. 1. Fungal growth (acetate incorporation into ergosterol, A and B) and bacterial growth (leucine incorporation, C and
D) along the pH gradient of Hoosfield acid strip following the addition of substrate (1 mg C g™' soil) in the form of straw
(A and C) or alfalfa (C and D) and the bacterial inhibitor bronopol (40 pg g soil). Square symbols and broken lines

represent bronopol additions and circles and unbroken lines represent treatments without bronopol. Filled symbols rep-

resent substrate additions, and open symbols represent no-substrate additions. The curves are fitted using a smoothing

function.

ponded to 20 mg biomass-C (recalculated from
Anderson and Domsch, 1978), and that mi-
crobial biomass consisted of 45 % C.

3. Results
3.1. Unamended soils

The results obtained for the unamended
soils corresponded to those found by Rousk et
al. (2009), only with slightly lower dynamics
over the pH gradient. Fungal growth was maxi-
mal at pH 4.5 (Fig. 1A, B), and decreased by a
factor of about 2-3 toward both lower and
higher soil pH, reaching minimum values at pH
4 and 8. Bacterial growth was highest at high
pH (Fig. 1C, D), and gradually declined all the
way down to pH 4.5 and beyond, by a factor of
about 3. Respiration decreased gradually by
about 60 % from the high-pH end to pH 4.5,
and then decreased more sharply between pH

4.5 and 4.0 (Fig. 2A, B). SIR-biomass increased
from about 150 pg g to about 350 pg ¢! from
pH 4.5 to the high pH end, and below pH 4.5
there was a sharp drop to less than 50 pg ¢! at
pH 4.0 (Fig. 2C, D). The ergosterol concentra-
tion was mostly unchanged between pH 4.5 and
the high pH-end, but below pH 4.5, there was a
sharp drop (Fig. 2E, F).

3.2. Amended soils below pH 4.5

Straw addition increased both bacterial and
fungal growth below pH 4.5 of the gradient
(Fig. 1A, C). The fungal growth increased from
less than 5 to about 80 pmol Ac h! g'!, while the
bacterial growth increased less, from about 25 to
50 pmol Leu h' g'. Bronopol application re-
duced the bacterial growth to a high propor-
tional degree, resulting in a bacterial growth of
only about 10 pmol Leu h' g' both with and
without straw addition. The fungal growth
increase in the bronopol application without

4
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straw addition was from less than 5 to 20-30
pmol Ac h! g!. There was little additional effect
on fungal growth with straw when bronopol
was also added.

Alfalfa addition increased bacterial growth
from about 25 to 100 pmol Leu h' g' (Fig.
1D), while fungal growth increased from less
than 5 to about 40 pmol Ac h'! g' (Fig. 1B).
Bronopol effectively reduced the bacterial
growth to just above 10 pmol Leu h'' g, while
the fungal growth was stimulated from less than
5 up to 15 pmol Ac h'! ¢! in the absence and up

to about 300 pmol Ac h'! g! in the presence of
alfalfa.

3.3. Amended soils between pH 4.5 —
8.3

3.3.1 Growth measurements

Straw application stimulated bacterial
growth slightly, increasing it from about 50 to
80 pmol Leu h' g' at pH 5, and from about
130 to 200 pmol Leu h'! g! between pH 7 and
8 (Fig. 1C). Bronopol reduced bacterial growth,

to about 20 pmol Leu h' g! at pH 5 and to
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around 50 between pH 7 and 8, with only
slightly higher values in the presence of straw at

high pH.

The fungal growth was highly stimulated by
straw, from less than 10 to about 80 pmol Ac h!
g!at pH 5, but less so at higher pH, only from
less than 10 to about 15 pmol Ac h! g! (Fig. 1A)
When bronopol was added, there was an addi-
tional increase in fungal growth of 20-30 pmol
Ac h! g! between pH 5 and 7, both with and
without straw, while no additional increase was
observed at pH 8.

Alfalfa addition stimulated bacterial growth
in a similar pattern to that observed for the
straw amendment, but to a higher degree (Fig.
1D), from about 50 to more than 300 pmol
Leu h' g'at pH 5, and from about 100 to 700
pmol Leu h! g! at pH 7-8. Bronopol reduced
bacterial growth, but the reduction was smaller
at higher pH. Between pH 6 and 8, the bacterial
growth with bronopol and alfalfa treatments
increased from about 50 (unamended) to 400
pmolLeuh'g!.

Fungal growth increased from less than 5 to
almost 30 pmol Ac h' g at pH 5, and progres-
sively less with higher pH to almost no stimula-
tion of fungal growth by adding alfalfa at pH 8
(Fig. 1B). Only bronopol application resulted in
a fungal growth stimulation by about 20 pmol
Ac h' g between pH 5 and 7, after which it
declined to almost no extra growth stimulation
at pH 8. The combination of bronopol with
alfalfa increased fungal growth from less than 10
to about 70 pmol Ac h! g' at pH 5 and progres-

sively less with higher pH, ending with only an
increase from about 5 to less than 20 pmol Ac -
'glatpH 8.

The ratio between fungal and bacterial
growth was consistently higher following straw
application, and consistently lower following
alfalfa application, compared to no-substrate
amendment application (Fig. 3). The ratio in-
creased about ten-fold between pH 8 and 4.5
following alfalfa, and almost 20-fold, from 0.04
to 0.8 between pH 8 and 4.5 in the straw treat-
ment. The ratio increase was smaller in the no-
substrate amendments, where it increased 3 to 4
times in the same pH interval. Below pH 4.5
the fungal:bacterial growth ratio increased even
further (straw and alfalfa addition) or remained
the same (unamended control).

3.3.2 Respiration and SIR-biomass

Both substrate amendments affected the
respiration rate similarly, but to different de-
grees. Following straw application, the respira-
tion rate increased to about 1.5 pg CO, h' ¢!
with no clear pH effect (Fig. 2A). Alfalfa appli-
cation resulted in a larger elevation of respira-
tion rate (Fig. 2B), to about 3 pg CO, h' ¢!
over most of the gradient. Bronopol application
together with substrate resulted in a small addi-
tional elevation of the respiration rate at inter-
mediate pH following straw and at pHs higher
than 6 following alfalfa addition.

The gradual increase in SIR-biomass
with higher pH along the unamended gradient
was, unlike the respiration, largely maintained
following the substrate amendments. The SIR-
biomass increased by about 100 pg g' along
most of the gradient as a result of straw applica-
tion (Fig. 2C), while bronopol application re-
duced SIR-biomass by about 100 pg g' in both
the presence and absence of straw. Alfalfa appli-
cation increased SIR-biomass by about 700 pg
g! (Fig. 2D), while bronopol application resul-
ted in a decrease in SIR-biomass of a similar
magnitude (100 pg g') as in the straw applica-
tion.

3.3.3. Ergosterol

Straw application increased the ergos-
terol concentration by about 0.3 pg g between
pH 4.5 and 6 (Fig. 2E), with only a minor in-
crease in ergosterol concentration by straw addi-
tion at pHs higher than 6. However, when straw
was added in combination with bronopol, the
higher ergosterol level following straw amended
was maintained until pH 7. At pH 8 there were
still no clear differences in ergosterol concentra-

6
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function.

tions between treatments. Consequently the
ergosterol concentrations along the pH gradient
correlated well with the results from the fungal
growth measurements (Fig. 1A).

Alfalfa addition resulted in an even higher
ergosterol concentration increase at low pH that
the straw addition, by about 1.5 pg g, which
decreased gradually with higher pH until there
was no difference between alfalfa and control
treatments at pH 8 (Fig. 2F). However, in com-
bination with bronopol, the ergosterol concen-
tration increased by more than 2 pg g' along the
entire gradient as a result of alfalfa application.
This contrasted with the fungal growth results
(Fig. 1B).

3.4. Time-series experiment

Fungal growth and the fungal biomass pro-
duced (ergosterol concentration) correlated well
in the straw treated soils (compare Fig. 2E and
1A). However, there was a discrepancy in the

bronopol treatment in the alfalfa soil. Although
the fungal biomass increased across the entire
pH gradient (Fig. 2F), the fungal growth was
lower at high pH (Fig. 1B). This fungal growth
decrease coincided with an elevation of the
bacterial growth, however (Fig. 1D). To investi-
gate if the discrepancy between fungal biomass
and growth could be reconciled by an initially
inhibited bacterial growth that increased to-
ward the end of the incubation time (with a
subsequent inhibition of fungal growth toward
the end of the incubation time), we studied the
development of the microbial variables over
time.

Bacterial growth increased rapidly in straw
amended soils at pH 8.1, reaching 60 pmol Leu
h! g after 2 days and 80 pmol Leu h'! g after 7
days. At pH 5.1 the absolute levels were lower,
and rates of 20 pmol Leu h' g! and 40 pmol
Leu h' g' were reached after 2 and 7 days, re-
spectively. At pH 4 the rates were lowest, at 6
pmol Leu h'! g! day 2 and 15 pmol Leu h' g!

7



J. Rousk et al. / Mechanisms for

~
=10 Al
=t
s
§20-8 p
g2
52 06 p
e
8'So04
28
450.2 -
©
=
oL . . . L.
32 4 0 1 2 3

Bronopol (log (ug ml']))

Bacterial growth
(relative no-inhibitor control)

opposing fungal and bacterial pH-relationships in soil

Alfalfa

o

o
o

o
=)

I
~

o
)

o

D N =
-2 -1 0 1 2 . 3
Bronopol (log (ng ml ™))

'
[

Fig. 5. The dose-response curves of the bacterial community extracted from one of the pH 8 soils after the time-
series experiment treated with the substrates straw (A) or alfalfa (B) (1 mg C g™' soil) and bronopol (40 pg g™!
soil) 7 days prior to the depicted exposure. Square symbols and broken lines represent soil with bronopol addi-

tions and circles and unbroken lines represent soils without bronopol. The inhibition curves were fitted using a

sigmoid function.

day 7 (Fig. 4C), and the increase was slower than
at higher pH. Bronopol application suppressed
virtually all bacterial growth until day four, when
the bacterial growth in the pH 8.1 soils started
increasing.

The fungal growth rate on straw was very
low, but increased from 6 to 14 pmol Ac h™! g
over the course of the experiment at pH 8.1
(Fig. 4A). The fungal growth at pH 4 increased
more rapidly, starting at about 4 and increasing
to 25 pmol Ac h! g' by day 7. At pH 5.1, fungal
growth started at 9 pmol Ac h! g, increased to
a maximum of about 25, and then slowly de-
clined to about 20 pmol Ac h'! g' by day 7.
Bronopol application resulted in an additionally
increased fungal growth at both pH 4.0 and
especially at pH 5.1.

Alfalfa induced a 40-fold increase in bacte-
rial growth within one day, from less than 10 to
400 pmol Leu h'' g' at pH 8.1 (Fig. 4D). The
increase was gradually slower and less marked
with lower pH. Bronopol application efficiently
reduced bacterial growth at all pHs, unil day 4,
when the bacterial growth at pH 8.1 started to
increase rapidly (from less than 10 to more than
100 pmolLeuh' g by day 7).

The fungal growth progressed slowly on al-
falfa, increasing from initially 4 to 8 pmol Ac h'!
g! by day 1 and never increased markedly after,
ac pH 8.1 (Fig. 4B). In combination with
bronopol, however, the fungal growth increased
to almost 20-fold by day 4, from about 2 to 35
pmol Ac h! g, after which it decreased to less
than 15 by day 7. Fungal growth at pH 5.1 and
4.0 increased about from about 6 to almost 50
pmol Ac h! ¢! within one day, and from 3 to 50

pmol Ac h'! g within 2 days , respectively, fol-
lowing alfalfa application. The increase was
even larger when alfalfa was combined with
bronopol. At pH 5.1, fungal growth increased
from 8 to 60 pmol Ac h'' g! within one day,
which was sustained for the 7 days. At pH 4.0,
the increase was slower, but after 2 days it in-
creased from about 4 to 120 pmol Ac h'!' g',
after which it maximised at day 4 just over 150
pmol Ac h'! g, and then declined at day 7 to
about 60 pmolAch' g'.

3.5. Bronopol tolerance of the bacte-
rial community

The increase in the bacterial growth toward
the end of the incubation time in the high pH
soils (Fig. 4C, D) could be explained either by
an emerging bacterial community more tolerant
to bronopol, or decreased availability of
bronopol due to degradation and inactivation
especially in soil with added substrate where the
microbial activity became high. The former
explanation would result in increased bronopol
tolerance of the bacterial community. There
was, however, only a weak, non-significant,
tendency for increased tolerance to bronopol in
the bronopol treated soils. The ECsq value for
the application
bronopol was 2.6 pg ml! bacterial suspension,
while the bronopol treatment was 3.5 pg ml!
bacterial suspension (Fig. 5A). The untreated
alfalfa soil had an ECso of 3.2 pg ml! bacterial
suspension, while the bronopol treated alfalfa
soil had an ECs value of 4.7 pg ml? bacterial
suspension (Fig. 5B).

straw treatment without



J. Rousk et al. / Mechanisms for opposing fungal and bacterial pH-relationships in soil

4. Discussion

The addition of plant material at pH 4.0-
4.5 stimulated both bacterial and fungal growth,
and increased other microbial variables includ-
ing respiration rate, SIR-biomass, and the ergos-
terol concentration. The large increase in fungal
growth corroborated the third hypothesis, that
fungal growth was low due to lack of easily
available substrate and not due to Al toxicity.
The increase in the bacterial growth was, how-
ever, rather small following plant material
amendments, which may be interpreted as bac-
teria being more susceptible to Al toxicity.
However, the Al threshold was rather immedi-
ate in relation to pH, and increased from unde-
tectable levels above pH 5 to more than 500 mg
kg! at pH 4 (Aciego Pietri and Brookes,
2008b). In contrast, the decrease in bacterial
growth started at about pH 7, and continued
gradually all the way to pH 4 (Fig. 1C, D), with
no apparent additional effect between pH 5 and
4. Hence, the contribution to bacterial growth
inhibition by Al appeared minimal. Conse-
quently, the small increase in bacterial growth
observed below pH 4.5 even after adding sub-
strate was most likely due to direct negative
effects of pH or competition by fungi at low
soil pH.

The addition of alfalfa and straw selectively
promoted bacteria and fungi. Alfalfa benefited
bacterial growth more than fungal growth, while
straw application benefited fungal growth more
than bacterial growth irrespective of pH (Fig. 3).
This corroborated previous results concerning
the selective effect of these substrates in one soil
(Rousk and Baéth, 2007b), but also generalised
these findings to be applicable in soils with dif-
ferent pH. Still, bacterial growth could not be
induced to a high extent following either sub-
strate at low pH, nor could the fungal growth be
stimulated to a high degree at high pH. Conse-
quently, the low bacterial growth in the low pH-
end, and low fungal growth in the high pH-end,
did not seem to be limited by lack of a suitable
substrate for fungal or bacterial growth.

The application of the bacterial specific in-
hibitor bronopol indicated that the inhibition
of bacterial growth stimulated fungal growth
below pH 7, but not above. This would suggest
that the fungal growth was competitively lim-
ited by bacteria up to about pH 7, but that an-
other factor may have constrained fungal growth
above this pH. However, there was a discre-
pancy between the fungal growth (acetate in
ergosterol incorporation) at day 5 and the cu-
mulative fungal growth (ergosterol concentra-
tion) over the 5-day incubation times in the

alfalfa treatment, where the latter indicated a
significantly increased fungal growth after in-
hibiting bacteria even at the highest soil pH. An
increase in bacterial growth toward the end of
the incubation time (assuming a negative com-
petitive influence of bacteria on fungi) would
allow for both an accumulation of fungal bio-
mass, and a recently inhibited fungal growth.
The time series experiment also corroborated
this explanation, showing that bacterial growth
was suppressed for about 4 days following
bronopol treatment in the presence of substrate
at high pH, after which it started to increase,
while there were simultaneous indications of
decreased, or at least not increasing, fungal

growth.

Consequently, our results showed that fungal
growth could be highly elevated along the entire
pH gradient in the presence of an adequate sub-
strate, when the competitive influence of bacte-
ria was removed, supporting the second hypoth-
esis. This suggested that the competitive pres-
sure that bacteria exerted inhibited the fungal
growth at high pH, creating the dynamic fun-
gal:bacterial ratio along the gradient. In a study
of the effects of bacterial and fungal inhibitors
on the microbial community in soil, Feeney et
al. (2006) showed highly induced fungal bio-
mass production following the application of a
bacterial inhibitor. Romani et al. (2006) also
showed that bacteria suppressed fungal growth
on submerged plant material, and increasing
inhibition of bacterial growth using a range of
concentration of different bacterial inhibitor
concentrations has been shown to scale with a
positive growth response of fungi (Rousk et al,,
2008). The surplus of plant material substrate in
the present study did not appear to release the
intensity of this competitive interaction, sug-
gesting that the mode of competition was not
solely explained by exploitive competition as
previously indicated in a similar experiment
(Rousk et al.,, 2008), but that interference com-
petition probably also was an important ele-
ment (Mille Lindblom and Tranvik, 2003;
Mille Lindblom et al., 2006).

However, some results still remain to be ex-
plained. One aspect that remains is resolving
why the otherwise better stimulator of fungal
growth, straw, unlike alfalfa, did not result in
high fungal growth when bacterial were in-
hibited at the high pH-end. Another aspect is
explaining why the fungal growth stimulation at
the low pH end in the alfalfa treatment in-
creased so much additionally when combined
with bronopol, even though the bacterial estab-
lishment in the low pH-soil was low.
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One of the most fundamental aspects re-
mains mostly unresolved, however. What
mechanism caused the strong dependence of
bacterial growth on pH along the gradient? We
could not separate between the candidate ex-
planations of either direct physiological limita-
tion of bacteria to grow at low pH or competi-
tive exclusion by the highly active fungi at low
pH. One possibility could be that bacteria do
not have the ability to adapt to low pH condi-
tions; however, both culture-based studies
(Sundman, 1970; Baith et al., 1992) and meas-
urements of instantaneous growth at different
pH (Béith, 1998; Pettersson and Bédth, 2003;
2004) have indicated that bacterial communi-
ties are adapted to the prevailing soil pH, even
in low pH soils, where the bacterial growth rate
is low. These findings indicate that there are
bacterial strains that are adapted to grow at low
pH. Consequently, the absence of bacteria
physiologically able to grow at low pH is not a
satisfactory explanation for the low bacterial
growth in the low pH end of the gradient. The
presence of fungi has been shown to both in-
hibit the growth of bacteria during the coloni-
zation of plant material (Mille-Lindblom and
Tranvik, 2003; Mille-Lindblom et al., 20006),
and facilitate it (Bengtsson, 1992; Romani et al,,
2006; Meidute et al, 2007) indicating that
while competitive interaction between the de-
composer groups might be an appealing explan-
ation for the low bacterial growth at the low
pH-end of the gradient, it is stillambiguous.

Although the alfalfa induced a higher res-
piration than straw did, the general pattern, of
no pH-dependence for respiration following
substrate addition, did not differ between the
substrates. This indicates that respiration rate
was low in the unamended soils due to lack of
substrate. Furthermore, there appeared to be
strong evidence for functional redundancy in
this soil, in that the pronounced shift in the
relative importance of fungi and bacteria along
the pH gradient had marginal, if any, influence
on the respiration rate after adding substrate
along the gradient, which corroborates earlier

findings (Rousk et al., 2009).

In contrast with soil respiration, the SIR-
biomass was positively related with increasing
pH in all treatments. The ratio between respira-
tion and the SIR-biomass, often referred to as
the metabolic quotient (qCO,) thus started
high at low pH, and decreased with higher pH.
This has been noted previously (Blagodatskaya
and Anderson, 1998) and has been interpreted
as increasing stress level with low pH. However,
it is unlikely that fungi, at maximal growth rate,

was stressed at low pH during our 5-day incuba-
tion. Another explanation for the difference
between respiration and SIR-biomass could be
that growth on the new substrate was slower at
low pH, and thus biomass did not increase at
the same rate as respiration, which would in-
crease almost instantaneously by highly available
C (Anderson and Domsch, 1978; Schimel and
Weintraub, 2003; Kemmitt et al, 2008). The
high qCO, at low pH would then solely be due
to the different dynamics in C response of
respiration and biomass, and unrelated to stress.

There was only a marginal increase in the
tolerance to bronopol of the bacterial com-
munity of the bronopol treated soils, indicated
by a slightly elevated ECsq value. This indicated
that bacterial tolerance to bronopol had not
increased to a large extent, and thus that the
increase in bacterial growth toward the end of
the incubation time in our experiments was not
caused by the emergence of a tolerant bacterial
community. Instead, it was likely that bronopol
was ‘used up’ (Shepherd et al., 1988), and that a
lower effective concentration of bronopol, in-
creasingly so at higher bacterial establishments,
therefore decreased the efficiency of the bacte-
rial inhibitor with time, enabling unimpeded
growth of the bacterial community.

5. Conclusion

In conclusion, the low fungal growth at high
pH in an arable soil appeared to a large extent to
be shaped by the competitive exclusion by bac-
teria. The reciprocal relationship, if the low
bacterial growth at low pH was caused by a
competitive interaction with fungi, could not
be directly evaluated. Addition of plant material
substrate could not change this pattern at any
time over a time-series experiment, suggesting
that interference competition between fungi
and bacteria at least in part was the mode of
interaction. In soils with pH below 4.5, the low
fungal and bacterial growth appeared to be pri-
marily restricted by lack of suitable C substrate.
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Abstract

Temperature not only has direct effects on microbial activity, but can also affect activity
indirectly by changing the temperature dependency of the community. This would result
in communities performing better over time in response to increased temperatures. We
have for the first time studied the effect of soil temperature (5-50 °C) on the community
adaptation of both bacterial (leucine incorporation) and fungal growth (acetate-in-
ergosterol incorporation). Growth at different temperatures was estimated after about a
month using a short-term assay to avoid confounding the effects of temperature on
substrate availability. Before the experiment started, fungal and bacterial growth was
optimal around 30 °C. Increasing soil temperature above this resulted in an increase in
the optimum for bacterial growth, correlated to soil temperature, with parallel shifts in
the total response curve. Below the optimum, soil temperature had only minor effects,
although lower temperatures selected for communities growing better at the lowest
temperature. Fungi were affected in the same way as bacteria, with large shifts in
temperature tolerance at soil temperatures above that of optimum for growth. A
simplified technique, only comparing growth at two contrasting temperatures, gave
similar results as using a complete temperature curve, allowing for large scale measure-
ments also in field situations with small differences in temperature.

Keywords: bacterial growth, community adaptation, fungal growth, soil, temperature, temperature

response
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Introduction

Thermal acclimation is a common phenomenon in plant
ecophysiology, where a reduction in respiration, to-
gether with an improvement in the efficiency of carbon
use, is seen after exposure to a higher temperature over
a prolonged period of time (Atkin & Tjoelker, 2003).
Similar results, seen in soil, where the magnitude of the
initial respiration response declined over time when a
soil was exposed to increased temperature, were initi-
ally also interpreted as thermal acclimation of the soil
microorganisms (e.g. Luo ef al., 2001). However, the
situation has been shown to be confounded by a more
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rapid decrease in easily available substrate at higher
temperatures than at lower ones. When this was taken
into account, the results was more likely caused by
substrate depletion rather than thermal acclimation
(Agren & Bosatta, 2002; Kirschbaum, 2004; Eliasson
et al., 2005; Hartley et al., 2007). Acclimation of micro-
organisms to temperature is also unlikely, bearing in
mind that altering the temperature within the normal
physiological temperature range of a bacterium will
result in an immediate change in the growth rate to
that characteristic of the new temperature (Neidhardt
et al., 1990).

A lack of evidence of compensatory thermal acclima-
tion of microbial respiration was also reported in a
recent experimental study by Hartley et al. (2008),
where cooling was studied instead of heating. However,
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rather than acclimation, exposure to lower tempera-
tures for extended times resulted in a decrease in
respiration rate, while a subsequent increase in tem-
perature resulted in an increase in respiration rate
greater than the instantaneous temperature response.
Hartley et al. (2008) interpreted the latter effect as a
change in the microbial community, so as to become
better adapted to the new temperature conditions,
although this was not explicitly determined. This was
also suggested as one explanation of the lag phase
observed when wheat straw was added to soil and
decomposition was monitored at temperatures between
5 and 45 °C (Bauer et al., 2008). However, there is little
knowledge on the extent to which the soil microbial
community adapts to changes in temperature, although
temperature adaptation of bacterial growth and respira-
tion in aquatic habitats due to seasonal changes in water
temperature has been reported (Li & Dickie, 1987;
Thamdrup ef al., 1998). Seasonal variations in carbon-
cycling processes in soil have also been found (Fenner
et al., 2005; Monson et al., 2006). However, seasonal
temperature changes do not always appear to result in
a change in the temperature response of the microbial
community (Sand-Jensen et al., 2007).

The response of the soil microbial community will
change if the temperature is changed. This can easily be
shown by determining the instantaneous bacterial
growth rate before and after a change in soil tempera-
ture, using, for example, the thymidine or leucine
incorporation technique to indicate soil bacterial
growth (Diaz-Raviha et al., 1994; Pietikdinen et al.,
2005). We have previously reported that extreme
changes in temperature in peat soil (up to 55°C to
imitate self-heating) shifted the optimum of the bacter-
ial community from around 25 to 55 °C within 3 days
(Ranneklev & Bdath, 2001), while a shift from 5 to 30 °C
in an agricultural soil only induced a minor, but sig-
nificant, shift in temperature response of the bacterial
community after about a month (Pettersson & Bdath,
2003). However, no systematic studies have yet been
performed on the effect of soil temperature on the
thermal response of soil microorganisms over a wide
temperature range. Neither has the effect of soil tem-
perature on the thermal response of the other important
group of soil microorganisms, fungi, been studied,
although the acetate-in-ergosterol technique has been
used to estimate fungal growth in order to determine
the temperature response curve of the soil fungal com-
munity in two soils (Pietikdinen ef al., 2005).

We therefore decided to study how changing the
temperature in a soil affected the thermal response of
microorganisms over a period of time; a similar time
frame to that in the study by Hartley et al. (2008). We
first determined the temperature response of the soil

microorganisms. We then incubated the soil at different
temperatures (5-50 °C) for approximately a month, in-
cluding temperatures below and above the optimum for
soil microbial growth, and determined the temperature
response of the relative bacterial growth once again. We
then compared the effect of soil incubation temperature
on the adaptation of bacterial and fungal growth. We
found that soil temperatures above the optimum for
microbial growth (about 30 °C) profoundly altered the
temperature response, shifting the optimum to that of
the soil incubation temperature, while lower tempera-
tures had only minor, but significant, effects on tem-
perature relationships.

Materials and methods

Soil and incubation conditions

An arable soil from southern Sweden, with an organic
matter content of 14% and a pH (H,O) of 5.4, was used.
The climate is maritime with occasional frost periods.
Mean soil temperature would be approximately 10 °C.
The soil was sampled in September 2007 when the air
temperature was about 15°C. After sieving (2mm),
200 g fresh weight of soil (at 50% water holding capa-
city) was placed in plastic pots with lids. Samples were
taken for the determination of the initial temperature
dependency for both fungal and bacterial growth before
incubation. Duplicate samples were then kept at 5, 15,
25, 30, 35, 40, 45 and 50 °C. The lids were removed to
aerate the pots every other day. After 31 days, samples
were removed for the measurement of the temperature
response of bacterial growth, while fungal growth was
measured after 44 days (due to logistic problems).

Temperature response of bacterial and fungal growth

The temperature dependency of microbial growth was
essentially measured as described by Diaz-Ravina et al.
(1994) and Pietikdinen ef al. (2005). Bacterial growth was
estimated using the leucine incorporation technique on
bacteria extracted from soil using homogenization—cen-
trifugation (Badth, 1994; Bdath et al., 2001) with some
modifications. Two grams of soil was placed in a 50 mL
centrifuge tube and 20mL distilled water at the same
temperature as the soil incubation temperature was
added. After 3min at full speed on a multi-vortex
shaker and 10min low-speed centrifugation (1000g),
1.5mL of the bacterial suspension was distributed be-
tween eight 2 mL micro-centrifugation vials. These were
then placed in a water bath for 30 min at 3, 15, 25, 30, 35,
40, 45 and 50°C to achieve the correct temperature
before 1-[4,5-*H]leucine (171 Cimmol !, 1.0mCimL "},
Amersham, Buckinghamshire, UK) and nonradioactive
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L-leucine were added, resulting in a final concentration
of 270 nM leucine. Incubation times were24h at3°C,6h
at 15 °C and 2 h for the other temperatures. The bacterial
incorporation of leucine was terminated by adding
trichloroacetic acid. Washing and measurement of the
incorporated *H-leucine was then performed according
to Badth et al. (2001). The amount of leucine incorpo-
rated into the extracted bacterial suspension per hour
and per gram of soil was used as a measure of bacterial
growth.

Fungal growth was estimated with the acetate-in-
ergosterol incorporation technique (Newell & Fallon,
1991) adapted for soil (Bddth, 2001). Fungal growth
before incubation was estimated over the whole tem-
perature interval (5-50 °C) on duplicate samples, while
fungal growth from soils incubated at different tem-
peratures was only measured at two incubation tem-
peratures, 5 and 45 °C. Briefly, 1g of soil was transferred
to test tubes to which 1.5mL distilled water, preheated
to the incubation temperature, and 480 uL 1mMm unla-
belled acetate (pH =6) were added. These were then
placed in a water bath for 30 min and 20 uL 1-[**Clacetic
acid (sodium salt, 7.4MBq mL~!, 2.04 GBq mmol~’,
Amersham) was added, resulting in a final acetate
concentration of 220 uMm. The soil slurry was incubated
for 8h (45°C) or 72h (5°C), after which 1mL 5%
formalin was added to terminate growth. Shorter in-
cubation times were used in the initial determination of
the fungal temperature response curve (23h at5°C, 11 h
at 15°C and 6h at other temperatures). Ergosterol was
then extracted, separated and quantified using HPLC
and a UV detector (282 nm) according to Rousk & Bdath
(2007). The ergosterol peak was collected. The amount
of incorporated radioactivity was determined using a
scintillator, and the amount of acetate incorporated into
ergosterol per hour per gram of soil was used as a
measure of fungal growth.

Calculations

The temperature response of the relative growth rate of
the bacterial community was calculated in three ways.
(i) The data were normalized by dividing each value by
the bacterial growth rate at optimum temperature to
take into account the differences in growth rates in-
duced during the incubation of the soils at different
temperatures. (ii) To be able to analyze the data statis-
tically, bacterial growth was first normalized to one
temperature (by dividing the data at all temperatures
by the growth rate at 30°C), and then logarithmically
transformed to adjust for unequal variance. A two-
factor analysis of variance (ANOVA) was then applied,
with soil incubation temperature and temperature for
bacterial growth as the two fixed factors. A significant

interaction between these factors would indicate that
the soil incubation temperature had an effect on the
bacterial community, resulting in community tempera-
ture adaptation. (iii) A simplified estimate was calcu-
lated, where only the logarithmically transformed ratio
of bacterial growth at two temperatures was used in a
one-way ANOVA. This final analysis was applied to the
fungal growth data.

Results

The temperature response of the soil bacterial and
fungal communities before the experiment started was
very similar (Fig. 1a and b, respectively). Both groups of
organisms showed optimal growth rates around 30 °C,
which decreased rapidly with increasing temperature,
with no significant fungal growth at 45°C and above,
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Fig. 1 Initial temperature dependence of the soil microbial
community. (a) Bacterial growth at different temperatures,
estimated using leucine incorporation. (b) Fungal growth at
different temperatures estimated using acetate-in-ergosterol in-
corporation. Bars indicate SEs.
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and no bacterial growth at 50 °C. The decrease was less
rapid at lower temperatures; the bacterial growth being
around 10 times lower at the lowest temperature stu-
died compared with the optimal growth rate, while for
fungi the value was eight times lower. Thus, tempera-
tures of 30 °C and below were at, or below, the optimal
temperature for microbial growth, and at 35°C and
above, the temperature was above the optimum tem-
perature for microbial growth in the soil.

Incubating the soil at different temperatures had
profound effects on the response of the bacterial com-
munity (Fig. 2a), especially at temperatures of 35 °C and
above. At these temperatures the optimum shifted to
temperatures above 30 °C, being 35 °C at a soil incuba-
tion temperature of 35°C, 40°C at 40°C and 45°C at
both 45 and 50 °C. The whole temperature curves were
also shifted to higher temperatures in a similar way to
the optimum temperature.

Only small changes were seen in the bacterial tem-
perature relationships at soil incubation temperatures
of 30 °C and below. To be able to detect such differences,
the data were normalized to one growth temperature
(30°C) and logarithmically transformed (Fig. 2b). The
considerable effect of soil temperatures of 35°C and
above can easily be seen, but it also became evident that
lower temperatures affected the growth. Thus, at 3°C,
the bacteria from soils incubated at 5 °C had the highest
relative growth rates, followed by those at 15°C, with
relative growth rates in soils at the other temperatures
decreasing with increasing soil incubation temperature,
even for bacterial communities from soils incubated at
25 and 30 °C. The relative bacterial growth rate at 40 and
45 °C showed the opposite behavior; the lowest bacter-
ial growth rates were found for the bacterial commu-
nities from soil incubated at the lowest temperatures.
The different effects of soil incubation temperature on
the bacterial growth at low and high temperatures is
emphasized by the significant interaction term using all
temperatures (soil incubation temperature x tempera-
ture for bacterial growth: Fy9 ¢4 =88.6, P<0.0001) or
using only soil incubation temperatures of 30 °C and
below (Fy,3, =2.17, P <0.05).

A simplified way of estimating changes in soil bac-
terial temperature relationships was introduced by Pet-
tersson & Badth (2003), who used the logarithm of the
ratio of the growth rate at two extreme temperatures; a
higher ratio indicating a bacterial community more
adapted to higher temperatures. Calculating such a
ratio using the most extreme temperatures (45 and
3°C, Fig. 2¢) also showed that a soil incubation tem-
perature of 30 °C and below only had a minor effect on
the temperature relationship of bacterial growth. How-
ever, above this soil incubation temperature the bacter-
ial community changed dramatically (F7g=250,
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Fig. 2 Temperature dependence of the bacterial community in
soils incubated at 5-50 °C for a month, estimated using leucine
incorporation. (a) Bacterial growth normalized to that at the
optimum temperature in each soil. Each point is the mean of
measurements on two separate samples. (b) The log of the ratio
of bacterial growth relative to that at 30 °C. The bar indicates 2 SE
(from ANOVA). (c) The log of the ratio of bacterial growth at
45°C/3°C and 40°C/15°C where a higher ratio indicates a
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P <0.0001). The same pattern was found for bacterial
growth using less extreme temperatures (40 and 15 °C)
(F7,3=1670, P<0.0001). Because of the smaller varia-
tion between replicates using this ratio, there were
significant differences between all soil incubation
temperatures (P <0.05, Tukey’s HSD) except between
5and 15°C.

The effect of soil incubation temperature on the
temperature dependence of fungal growth was only
studied using the last method comparing two extreme
temperatures (45 and 5°C, Fig. 3). Soil incubation
temperature was found to have a significant effect
(F7,5=44.4, P<0.0001). Similar to the bacterial growth
rate, the change was most evident above a soil incuba-
tion temperature of 35°C. There was no significant
difference between the temperature dependence of
fungal growth in soil incubated at 35°C and below
(Tukey’s HSD).

Discussion

The temperature dependences of bacterial and fungal
growth before the experiment started (Fig. 1) were
similar to those reported previously for temperate soils
(Diaz-Ravina et al., 1994; Pietikdinen et al., 2005), with
optimum growth well above normal in situ soil tem-
perature. This is also frequently found in aquatic en-
vironments (Li & Dickie, 1987; Sand-Jensen et al., 2007),
and appears to be a common characteristic in environ-
ments with fluctuating temperatures. Enteric bacteria
isolated from sea turtles, which are ectothermic and
thus encounter changes in water temperature, also had

optima well above those found in their host, especially
during the winter period (Bronikowski et al., 2001).

The soil incubation temperature affected the tempera-
ture dependence of the bacterial and fungal commu-
nities, especially at temperatures above that for
optimum growth. This was expected, because these
temperatures will kill many of the original organisms,
enabling colonization by other organisms adapted to
growth at higher temperatures. There was also evidence
of community adaptation to the soil temperature regime
at temperatures lower than the optimum, however,
because communities grew better closer to the tempera-
ture regime to which they had been exposed. Although
we did not use the same temperature regimes as Hart-
ley et al. (2008), it is likely that the increase in activity
above the immediate response to increasing the tem-
perature from 2 to 10°C found by them could be
explained by a similar shift in the microbial community,
as also suggested by them. Thus, our results are con-
sistent with the findings of Hartley et al. (2008) that
temperature adaptation of the microbial community
may accelerate decomposition rates after a temperature
increase.

Three mechanisms can explain the change in com-
munity temperature response: (1) acclimation, where
growth at a certain temperature gives a phenotypic
advantage without any genotypic change, (2) genotypic
adaptation within a species (evolution) and (3) species
sorting, where species already genetically better
adapted to a certain temperature regime will outcom-
pete other less well-adapted species. Although the
present study was not designed to differentiate between
these three mechanisms, it is likely that the last, species
sorting, is the most important one within the time frame
studied here. This is certainly the case for the dramatic
shift in temperature response in soils maintained at
35°C and higher, because these temperatures will be
lethal to the original community. Furthermore, even
after several thousand generations of growth of Escher-
ichia coli at extreme temperatures, the boundaries of the
thermal niche were only shifted 1-2 °C (Mongold et al.,
1996), indicating that no dramatic changes in the tem-
perature response of a species due to genotypic adapta-
tion will be found, even after a very long time.
Acclimation is also an unlikely explanation, because it
can only induce minor shifts in the temperature re-
sponse of a bacterium (Leroi ef al., 1994).

It is also likely that species sorting is the main cause
of the change in temperature response at lower soil
temperatures (below 30 °C), because even small geno-
typic changes appear to take several hundred genera-
tions to emerge (Bennett et al., 1990). This would take
much longer than the 1 month studied here, considering
that earlier studies indicate that soil bacteria have mean
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generation times of the order of days at 20 °C (Bdath,
1998). Acclimation, i.e. phenotypic changes, cannot be
ruled out as a mechanism, but it is likely that this will
mainly affect the duration of the lag phase. Further-
more, it has been shown that the lag phase will only be
affected when the temperature is outside the normal
physiological range of growth (Mellefont & Ross, 2003),
and temperatures of 5 to 30 °C are within this range for
mesophilic bacteria, which should be predominant in
our soil. It is also likely that physiological processes,
such as acclimation, will only regulate the short-term
response of soil communities, while shifts in commu-
nity composition will be more important over longer
periods (Schimel ef al., 2007).

The duration of the lag phase for bacterial growth
when adapting to new environmental conditions has
been described in terms of the amount of work required
to adjust to a new environment and the rate at which
that work can be done (Robinson et al., 1998; Mellefont
& Ross, 2003). Community adaptation to temperature
could be described in a similar way: work has to be
done (a certain alteration in the community to adjust to
the new conditions) and it takes a certain time to per-
form the work (the time taken to alter the community
by competition between species more or less adapted to
the new conditions). If it is assumed that the ‘work’
required for the community to adapt to a certain tem-
perature is only dependent on the temperature differ-
ence, this work would be the same for the same increase
or decrease in temperature. However, the time required
to do this work would not be the same, as it is
dependent on the growth rates of the competing organ-
isms, and these are higher at higher temperatures. Thus,
it should take longer for a community to adapt to a
decrease in temperature than to an increase in tempera-
ture. This was also found by Pettersson & Baath (2003),
who reported a change in the growth of bacteria after
increasing the temperature from 5 to 30°C within
1 month, while no change was seen after the subsequent
decrease back to 5°C. Similar results were recently
reported by Hartley et al. (2008), who found the respira-
tion response of the microbial community to soil warm-
ing to be faster than that to cooling.

The time required for the temperature response to
change will be shorter at soil temperatures above the
optimum than below. Apart from the fact that the
adjustment of the community to the new conditions
will be greater at the higher temperature (the amount of
‘work’ will be greater), the effects will also be categori-
cally different. For instance, killing the original commu-
nity by exceeding their upper limit for growth would
allow the very rapid growth of a new community
already adapted to high temperatures, due to lack of
competition and large amounts of easily available food

(dead microorganisms). Thus, although we only mea-
sured the temperature relationship of the bacterial
community after 1 month, it is likely that changes in
the temperature relationship would be found much
earlier at high temperatures. Such changes have pre-
viously been found after 3 days when heating peat soil
to 55 °C (Ranneklev & Baath, 2001).

The less time-consuming way of comparing tempera-
ture relationships using the ratio of growth at two very
different temperatures appeared to be no less appro-
priate than using the whole temperature curve to
describe community adaptation. This simplification will
allow measurements to be made on a large number of
samples, making it possible to study community adap-
tation to small shifts in temperature regimes, i.e. those
used in most experiments on soil warming and which
are highly relevant in global climate change scenarios.
Although it is preferable to measure growth at two very
different temperatures, because this would result in the
greatest effects, this is not necessarily the most efficient
strategy. Using very different temperatures may intro-
duce large errors into the measurements. This is due to
difficulties in estimating very low growth rates with
sufficient precision using the methodologies presently
available. This can be illustrated by comparing the
effect of the soil temperature regimes on the bacterial
growth ratio at 45°C/3°C and 40°C/15°C, where the
latter had a smaller effect, but nevertheless had better
statistical significance due to less variation. The best
choice is probably a low temperature and one slightly
above the optimum.

This is the first time the effect of different soil tem-
perature regimes on the temperature relationship of
both fungal and bacterial growth has been measured,
allowing a comparison. The technique used to estimate
fungal growth (acetate-in-ergosterol incorporation) is
currently more laborious than that used for bacteria.
Therefore, only the simplified methodology, using two
temperatures, was used. The results also showed great-
er variation. However, the main result, that fungi and
bacteria reacted similarly to the changes in temperature
regimes, with most of the changes being seen at soil
temperatures above 35 °C, was still easily shown. Con-
sequently, temperature alone does not seem to selec-
tively affect one microbial group more than the other,
and thus will not cause a shift in their relative impor-
tance. However, more studies in this respect are needed,
especially to compare the effects of changes in tempera-
ture regimes in the lower temperature range, bearing in
mind that earlier studies have indicated that fungi are
favored at low temperatures (Ley & Schmidt, 2002;
Pietikdinen et al., 2005).

Compared with the temperature regimes studied
here, the expected mean temperature changes induced
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by global climate change are of course much smaller.
One must bear in mind, however, that the time frame
studied here is short. Nonetheless, our study showed
that the use of instantaneous growth rates of bacteria
and fungi could provide a valuable tool for determining
whether the temperature increases expected in global
climate change scenarios would induce changes in
microbial community tolerance to temperature. The
use of only two temperatures will also help in that
one can easily process a large number of samples,
enabling the detection of subtle differences. Further-
more, our study has shown that environmental tem-
peratures above the optimum have the greatest effect on
the temperature response. Although such large changes
in temperature will only occasionally occur under nat-
ural conditions, with only a few degrees change in
mean temperatures, such events will have drastic and
rapid effects on the microbial community. In view of the
apparently faster response to a temperature increase
than to a temperature decrease, considering both soil
respiration (Hartley et al., 2008) and bacterial growth
rates (Pettersson & Bdath, 2003), even a short period of
considerable warming might affect the temperature
response of microbial communities over a long period
of time. Also, the probability, and consequently the
frequency in the long term, of warming spells may
increase even with small increases in mean tempera-
ture. Last, altered temperature relationships of the
microbial community due changing temperatures are
only one way that the microbial community is affected
by altered temperatures. Direct effects on activity and
changes in substrate availability will of course also be of
utmost importance. However, we have suggested one
way of differentiating between these different tempera-
ture responses using measurement of instantaneous
growth rates of the microbial community.

Acknowledgements

This study was supported by grants from the Swedish Research
Council (VR) to E. B, G. B. M. and M. G.-B. acknowledge the
support of an FPU fellowship from the Spanish Ministerio de
Educacion.

References

Agren GI, Bosatta E (2002) Reconciling differences in predictions
of temperature response of soil organic matter. Soil Biology and
Biochemistry, 34, 129-132.

Atkin OK, Tjoelker MG (2003) Thermal acclimation and the
dynamic response of plant respiration to temperature. Trends
in Plant Sciences, 8, 343-351.

Bdath E (1994) Measurement of protein synthesis by soil bacterial
assemblages with the leucine incorporation technique. Biology
and Fertility of Soils, 17, 147-153.

Bdath E (1998) Growth rates of bacterial communities in soils at
varying pH: a comparison of the thymidine and leucine
incorporation techniques. Microbial Ecology, 36, 316-327.

Bddth E (2001) Estimation of fungal growth rates in soil using
C-acetate incorporation into ergosterol. Soil Biology and Bio-
chemistry, 33, 2011-2018.

Bddth E, Pettersson M, Soderberg KH (2001) Adaptation of a
rapid and economical microcentrifugation method to measure
thymidine and leucine incorporation by soil bacteria. Soil
Biology and Biochemistry, 33, 1571-1574.

Bauer J, Kirschbaum MUF, Weihermiiller L, Huisman JA, Herbst
M, Vereecken H (2008) Temperature response of wheat decom-
position is more complex than the common approaches of
most multi-pool models. Soil Biology and Biochemistry, 40, 2780
2786.

Bennett AF, Dao KM, Lenski RE (1990) Rapid evolution in
response to high-temperature selection. Nature, 346, 79-81.
Bronikowski AM, Bennett AF, Lenski RE (2001) Evolutionary
adaptation to temperature. VIII. Effects of temperature on growth
rate in natural isolates of Escherichia coli and Salmonella enterica

from different thermal environments. Evolution, 55, 33-40.

Diaz-Ravifia M, Frostegard A, Bdath E (1994) Thymidine, leucine
and acetate incorporation into bacterial assemblages at differ-
ent temperatures. FEMS Microbiology Ecology, 14, 221-231.

Eliasson PE, McMurtrie RE, Pepper DA, Strémgren M, Linder S,
f\gren GI (2005) The response of heterotrophic CO, flux to soil
warming. Global Change Biology, 11, 167-181.

Fenner N, Freeman C, Reynolds B (2005) Observations of a
seasonally shifting thermal optimum in peatland carbon-cy-
cling processes; implications for the global carbon cycle and
soil enzyme methodologies. Soil Biology and Biochemistry, 37,
1814-1821.

Hartley IP, Heinemeyer A, Ineson P (2007) Effects of three years
of soil warming and shading on the rate of soil respiration:
substrate availability and not thermal acclimation mediates
observed response. Global Change Biology, 13, 1761-1770.

Hartley IP, Hopkins DW, Garnett MH, Sommerkorn M, Wookey
PA (2008) Soil microbial respiration in arctic soil does not
acclimate to temperature. Ecology Letters, 11, 1092-1100.

Kirschbaum MUF (2004) Soil respiration under prolonged soil
warming: are rate reductions caused by acclimation or sub-
strate loss? Global Change Biology, 10, 1870-1877.

Leroi AM, Bennett AF, Lenski RE (1994) Temperature acclima-
tion and competitive fitness: an experimental test of the
beneficial acclimation assumption. Proceedings of the National
Academy of Sciences USA, 91, 1917-1921.

Ley RE, Schmidt SK (2002) Fungal and bacterial responses to
phenolic compounds and amino acids in high altitude barren
soils. Soil Biology and Biochemistry, 34, 989-995.

Li WKW, Dickie PM (1987) Temperature characteristics of photo-
synthetic and heterotrophic activities: seasonal variation in
temperate microbial plankton. Applied and Environmental Mi-
crobiology, 53, 2282-2295.

Luo Y, Wan S, Hui D, Wallace LL (2001) Acclimatization of soil
respiration to warming in a tall grass prairie. Nature, 413, 622—
625.

Mellefont LA, Ross T (2003) The effect of abrupt shifts in
temperature on the lag phase duration of Escherichia coli and

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.01882.x



8 G. BARCENAS-MORENO etal.

Klebsiella oxytoca. International Journal of Food Microbiology, 83,
295-305.

Mongold JA, Bennett AF, Lenski RE (1996) Evolutionary adapta-
tion to temperature. 4. Adaptation of Escherichia coli at a niche
boundary. Evolution, 50, 35-43.

Monson RK, Lipson DL, Burns SP, Turnipseed AA, Delany AC,
Williams MW, Schmidt SK (2006) Winter forest soil respiration
controlled by climate and microbial community composition.
Nature, 439, 711-714.

Neidhardt FC, Ingraham JL, Schaechter M (1990) Physiology of the
Bacterial Cell: A Molecular Approach. Sinauer Associates, Sun-
derland, MA, USA.

Newell SY, Fallon RD (1991) Toward a method for measuring
instantaneous fungal growth-rates in field samples. Ecology, 72,
1547-1559.

Pettersson M, Baath E (2003) Temperature-dependent changes in
the soil bacterial community in limed and unlimed soil. FEMS
Microbiology Ecology, 45, 13-21.

Pietikdinen J, Pettersson M, Baath E (2005) Comparison of
temperature effects on soil respiration and bacterial and fungal
growth rates. FEMS Microbiology Ecology, 52, 49-58.

Ranneklev SB, Bddth E (2001) Temperature-driven adaptation of
the bacterial community in peat measured by thymidine and
leucine incorporation. Applied and Environmental Microbiology,
67, 1116-1122.

Robinson TP, Ocio MJ, Kaloti A, Mackey BM (1998) The
effect of growth environment on the lag phase of Listeria
monocytogenes. International Journal of Food Microbiology, 44,
83-92.

Rousk J, Bdath E (2007) Fungal and bacterial growth in soil with
plant materials of different C/N ratios. FEMS Microbiology
Ecology, 62, 258-267.

Sand-Jensen K, Lagergaard Pedersen N, Sgndergaard M (2007)
Bacterial metabolism in small temperate streams under
contemporary and future climates. Freshwater Biology, 52,
2340-2353.

Schimel ], Balser TC, Wallenstein M (2007) Microbial stress-
response physiology and its implications for ecosystem func-
tion. Ecology, 88, 1386-1394.

Thamdrup B, Hansen JW, Jorgensen BB (1998) Temperature
dependence of aerobic respiration in a coastal sediment. FEMS
Microbiology Ecology, 25, 189-200.

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/.1365-2486.2009.01882.x









R. RINNAN et al. TEMPERATURE ADAPTATION OF ANTARCTIC BACTERIA

Temperature adaptation of soil bacterial communities along an Antarctic
climate gradient: predicting responses to climate warming
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Abstract

Soil microorganisms, the central drivers of terrestrial Antarctic ecosystems, are being
confronted with increasing temperatures as parts of the continent rapidly warm. Here
we determined short-term temperature dependencies of Antarctic soil bacterial
community growth rates, using the leucine incorporation technique, in order to predict
future changes in temperature sensitivity of resident soil bacterial communities. Soil
samples were collected along a climate gradient consisting of locations on the Antarctic
peninsula (Anchorage Island, 67°34'S, 68°08'W), Signy Island (60°43'S, 45°38'"W) and
the Falkland Islands (51°76'S 59°03'W). At each location, experimental plots were
subjected to warming by open top chambers (OTCs) and paired with control plots on
vegetated and fell-field habitats. The bacterial communities were adapted to the mean
annual temperature of their environment, as shown by a significant correlation between
the mean annual soil temperature and the minimum temperature for bacterial growth
(Tmin). Every 1°C rise in soil temperature was estimated to increase T, by 0.24-0.38°C.
The optimum temperature for bacterial growth varied less and did not have as clear a
relationship with soil temperature. Temperature sensitivity, indicated by Qo values,
increased with mean annual soil temperature, suggesting that bacterial communities
from colder regions were less temperature sensitive than those from the warmer regions.
The OTC warming (generally <1°C temperature increases) over three years had no
effects on temperature relationship of the soil bacterial community. We estimate that the
predicted temperature increase of 2.6°C for the Antarctic Peninsula would increase T

by 0.6-1°C and Q,0(0-10°C) by 0.5 units.

Keywords: Antarctic, bacterial growth, climate warming, community adaptation, leucine
incorporation, Q1o, temperature response, soil.
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Introduction

The Antarctic Peninsula has been recognized as one of
the most rapidly warming regions in the world IPCC
2007), and recent evidence shows that this trend is not
solely limited to the Peninsula (Steig ez a/. 2008). Even
with this strong ongoing warming, Antarctic climates are
far more severe than northern climates at similar
latitudes  (Convey 2001). Antarctic food webs are
consequently relatively simple, with a general absence of
insect and mammalian herbivores and detritivores
(Davis 1981; Heal & Block 1987), with microbial
activities almost solely responsible for biogeochemical
cycles. This food-web structure also provides a simplified
system in which to disentangle the drivers of soil
microbial activity and the consequences of system
perturbation. Therefore, Antarctic soils are thought to
be ideal models for exploring how soil microorganisms
may adapt to the ongoing temperature increase.

Waldrop and Firestone (2006) have suggested that
bacterial communities in soil with stable environmental
conditions are more sensitive to e.g. temperature shifts
than those from more variable soil environment. This
hypothesis would suggest that Antarctic bacterial
communities, which experience large and frequent
temperature fluctuations, would not be responsive to
small temperature changes. Recent field and laboratory
studies have indicated that temperature increases larger
than the 2.6°C expected by the end of this century
(Christensen ez al. 2007) are needed before significant
changes in the functioning of soil microbial
communities can be observed (Bokhorst et al. 2007c;
Yergeau & Kowalchuk 2008). However, the magnitude
of responses to the warming scenarios has yet to be
determined and quantified. By using both experimental
soil warming (short-term and small changes in soil
temperature) and a climate gradient (long-term and
large differences in soil temperature), this study
presented here sought to resolve the extent of
temperature adaptation of soil bacterial communities in
low temperature Antarctic habitats.

The temperature sensitivity of soil microbial activity has
been a topic of considerable interest and debate,
especially with respect to soil respiration, due to its
potential feedback effects on climate change (Davidson
& Janssens 2006). Part of this debate probably stems
from the combination of both direct and indirect effects
of temperature on multiple processes affecting
respiration, such as soil moisture content and substrate
supplies for microorganisms (Davidson ez /. 2006). One
way to improve understanding of these different effects
is to conduct studies under controlled conditions
(Davidson et al. 2006), in order to isolate the direct
effect of temperature on thermal relationships of
microbial communities.
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Recent literature has also yielded divergent results
regarding the extent of temperature adaptation of the
soil microbial communities, with clear adaptation in
some cases (Bradford ez al 2008), yet no response
(Hartley e al. 2008) in others. Thus, carbon-cycling
processes in soil (including soil respiration, enzyme
activity and microbial growth) have been shown to be
both adapted (Santrtickovd et al. 2003; Fierer et al.
2006; Margesin et al. 2008; Peng et al. 2009) and
unadapted to climate patterns (Kane er al 2003;
Santriitkovd et al 2003; Vanhala er al 2008).
Furthermore, there are reports of thermal adaptation
tracking seasonal changes (Fenner ez /. 2005; Monsoon
et al. 2006; Wallenstein et al. 2009), as well as evidence
against this (Koch ez /. 2007). Laboratory incubations
have also given contrasting results (Pettersson & Baath
2003; Malcolm et al. 2009). Interestingly, there have
been similarly mixed results reported for thermal
adaptation of aquatic microbial communities, with some
cases showing thermal adaptation (Li & Dickie 1987;
Thamdrup et al. 1998; Acufa et al. 2008) and others
not (Sand-Jensen et al. 2007).

One problem in using soil respiration as a proxy for
microbial activity is that respiration can proceed at
temperatures outside the physiological growth range of
the microorganisms in short-term measurements. It is
common that short-term studies find highest soil
respiration rates at temperatures equal to or above 40°C
(Chen ez al. 2000; Fang et al. 2005), even in soils with
an optimum temperature for microbial growth around
30°C (Pietikdinen et al. 2005). For example, in soils
from Siberia, presumably with cold-tolerant microbial
communities, the short-term respiration rate was highest
at 40°C (Santriitkovd ez al. 2003). However, thermal
adaptation was obvious when studying net changes in
microbial biomass at different temperatures as a proxy
for microbial growth (Santrtickovs et al. 2003). Thus, in
the short term, soil respiration is not always directly
related to the activity of microorganisms.

On the other hand, microbial growth seems to offer a
suitable measure for assessing thermal adaptation of soil-
borne microbial communities. First, growth should, by
definition, reflect activity. Second, by employing short-
term incubations, confounding factors related to soil
respiration measurements in the field can be avoided.
Such confounding factors include variability in substrate
availability, water limitations and root respiration
(Kirschbaum 2006), Third, bacterial growth in natural
habitats can be easily estimated using leucine or
thymidine incorporation techniques (Bdith 1994; Béith
et al. 2001). These techniques have been successfully
used in the analysis of temperature relationships of the
bacterial community in water (Li & Dickie 1987) and
soil (Dfaz-Ravifa et al. 1994; Pietikiinen et al. 2005), as
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well as thermal adaptation to drastically increased soil
temperatures (Ranneklev & Baath 2001; Pettersson &
Bidth 2003; Bdrcenas-Moreno et al. 2009). However,
responses of the soil bacterial communities to changes in
a lower temperature range have yet to be studied with
respect to growth rate measurements.

In the present study, we aimed to characterize the
temperature relationship of soil bacterial communities
from several Antarctic habitats using leucine
incorporation of the bacterial community as a proxy for
growth at different temperatures. We included samples
from the Antarctic peninsula (Anchorage Island), Signy
Island and the Falkland Islands, thus forming a climate
gradient emphasizing low temperature environments.
First, we hypothesized that a colder climate would select
for a bacterial community with lower cardinal
temperature points (minimum, T, and optimum
temperatures, Top, for growth). Second, we assessed if
experimental warming by open top chambers (at all
three locations) had affected the temperature
relationship of the soil bacterial community after 3 years
of warming. Third, we sought to quantify the
magnitude of changes in the temperature relationships
to predict the impact of further expected changes in
climate. This was performed by regressing mean soil
temperature against cardinal temperature points (Tmin
and T,,) of the soil community in this climate gradient
covering mean annual soil temperatures from -4°C to

9°C.

Materials and methods

Sites and experimental design

The Antarctic climate gradient was formed by sites on
Anchorage Island (near Rothera Research station,
western Antarctic Peninsula; 67°34'S, 68°08'W), Signy
Island (South Orkney Islands, maritime Antarctic;
60°43'S, 45°38'W) and Falklands Islands (cold
temperate zone; 51°76'S 59°03'W) (Fig. 1). At each
location, 12 plots of 2m x 2m were set on “vegetated”
surface (dense vegetation cover) and another 12 on “fell-
field” (rocky or gravel terrain with scarce vegetation
cover). The main vegetation types are given in Table 1
(for a more detailed account, see Bokhorst ez 2/ 2007a).
Soil characteristics have been described in detail by
Bokhorst ez al. (2007b) and Yergeau ez al. (2007a), and
microbial community characteristics by Yergeau ez al.

(2007b, 2007¢, 2009).

The warming experiment was established during the
2003-2004 austral summer. A passive warming
treatment was achieved by mounting open-top chambers
(OTCs) on six vegetated and six fell-field plots at each
location, while the remaining six plots served as controls.
On the Falkland Islands, it was only possible to set up
three OTCs and three control plots in the fell-field
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habitat. For this location, nine OTCs and control plots
were placed in the vegetated environment, resulting into
18 vegetated plots. On Signy Island, an OTC plot on
the fell-field was destroyed by wind, and this plot,
together with its control, were not included in further
analyses. An additional Signy Island sample was lost in
transport. Soil temperature was monitored in three plots
per treatment, vegetation type and location (Table 1).
Further information on the effects of the OTCs on the
microenvironment is provided by Bokhorst e 4l

(2007b).

As a reference, 6 replicates of an arable soil from
southern Sweden (56°03'N, 14°11'E), used previously to
characterize  soil temperature relationships of soil
bacterial communities (Bdrcenas-Morena et al. 2009),
were also included in the study, bringing the total
number of soil samples to 75.

Soil sampling

Soil sampling was carried out in October 2006 at the
Falkland Islands, in January 2007 at Signy Island and in
February 2007 at Anchorage Island, after 3 years of
experimental warming. At all sites, five 1 cm-diameter
(from 2-3 cm to up to 15 cm deep, depending on soil
depth) cores were sampled and bulked from each plot.
The soil samples were immediately frozen at -20°C and
kept so until they were thawed at 4°C for 5 days before
the analyses.

SCOTIA

SEq

Ancrcesgo
e WEDDELL
SEA |

Fossa

Fig. 1 Map of the Antarctic climate gradient. The
experimental locations of Anchorage Island, Signy
Island and Falklands Islands are indicated with large

arrows.
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The soil from southern Sweden was sampled in May
2008 and refrigerated until the laboratory analyses were
initiated (approx. 3 weeks).

Temperature response of bacterial growth

The temperature dependency of the soil bacterial
community was essentially measured as described by
Diaz-Ravifa et al. (1994) and Pietikiinen ez al. (2005).
Bacterial growth was estimated using the leucine
incorporation technique on bacteria extracted from soil
using homogenization-centrifugation  (Baath 1994;
Baath ez 2l 2001) with some modifications.

One gram of wet soil of each of the 75 soil samples was
placed in a 50 ml centrifuge tube, and 20 ml distilled
water was added. After 3 min at full speed on a multi-
vortex shaker and 10 min low-speed centrifugation
(1000 x g), 1.5 ml aliquots of the bacterial suspension
were distributed to eight 2 ml micro-centrifugation vials.
These were then placed in a water bath for 30 min at 1,
4, 8,12, 17.5, 24.5, 29 and 34°C to achieve the correct
temperature before L-[4,5-H]leucine (171 Ci mmol”,
1.0 mCi ml"?, Amersham) and non-radioactive L-leucine
were added, resulting in a final concentration of 270 nM
leucine. Incubation times were 48 h at 1°C, 24 h at 4°C,
10 h at 8°C, 6 h at 12°C, 4 h at 17.5°C and 2 h at the
higher temperatures. These incubation times were
chosen in order to achieve similar absolute leucine
incorporation in all samples, while not inducing any
changes in growth rates during the incubation period.
The bacterial incorporation of leucine was terminated by
adding trichloroacetic acid. Washing and measurement
of the incorporated *H-leucine was then performed
according to Baath ez a/. (2001). The amount of leucine
incorporated into the extracted bacterial suspension per
h per g soil was used as a measure of bacterial growth.

Data analysis

The data were modeled using one function below
optimum and another above optimum temperature for
bacterial growth. Between the Thwin and Top we used a
square root relationship, which has earlier been shown to
adequately model bacterial growth in pure culture,
including psychrotrophic and  thermofilic bacteria
(Ratkowsky ez al. 1982, 2005). The same relationship
has also been found to model adequately the
temperature relationship of bacterial community growth
in both water (Li & Dickie 1987) and soil (Diaz-Ravina
et al. 1994; Pietikiinen er al. 2005).

Leu'” = a(T-Toin) 1

Leu is the leucine incorporation measured at the
temperature T°C, T, is the apparent minimum
temperature for leucine incorporation, and a is a slope
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parameter (without any direct biological meaning). A
plot of the square root of the leucine incorporation
against temperature will result in a linear relationship,
with T, indicated by the intercept with the x-axis. For
many environmental samples, T will fall well below
the freezing point of water. For this reason, T is
commonly denoted apparent minimum temperature.
However, T is a useful parameter when comparing
different communities, in that lower values generally
indicate a better capacity to grow at low temperatures,
designating a community adapted to low temperature
conditions.

Although our aim was to concentrate on bacterial
growth at low temperatures, we also measured bacterial
growth at higher temperatures, to be able to estimate
Tope. Thus, for modeling the entire temperature range an
equation suggested by Ratkowsky ez 4/ (1983) and Li &
Dickie (1987) was used.

Leu”z — a(T'Tmin) X (1 _ e(b(T—me))) (2)

where T is the maximum temperature permissible for
leucine incorporation and b is the relative change in
leucine incorporation for every unit change in the
temperature above Top.

The model was applied to the data in two steps
according to Ratkowsky ez a/. (1983). First, equation (1)
was used for data < 17.5°C to estimate Twin and the
slope a. However, for the data from Anchorage Island
only < 12°C was used, since higher temperatures in most
cases deviated from the straight line relationship,
indicating that the temperature was too close to Top.

Using the fitted values for a and T as constants,
equation (2) was fitted to the whole data set. Top was
then graphically determined as the temperature with the
highest leucine incorporation. All calculations were

made with Statistica 8.0 (StatSoft, Tulsa, OK).

Statistical analysis

Five different ways of characterizing the temperature
relationships were compared. Tun and Ton were
estimated as described above, while the growth
temperature range was defined as Tope — Tomin, since Trmu
(maximum temperature for bacterial growth) could not
be estimated with enough precision due to lack of
measurements at high temperatures. We also tested a
simplified measure of bacterial community adaptation to
temperature, suggested by Bdrcenas-Morena ez 4l
(2009), only involving two temperatures (one very low,
and one near or above Top). In our case, we chose the
ratio of bacterial growth rate at 30°C/4°C, where a
higher ratio indicates better adaptation to high
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temperature. Last, we used the fitted equation to
calculate Qg values for 0-10°C and 10-20°C, where the
former is especially relevant for the ambient temperature
range in these Antarctic soils.

Effects of the warming treatment, location and
vegetation type on the various indexes of temperature
adaptation were tested using Linear mixed models of
SPSS 14.0. The model included these three factors and
all interactions. Bacterial growth rate and the ratio of
growth rate at 30°C/4°C were log-transformed prior to
analysis.

Results

Effects of location and experimental warming on bacterial
growth rates

Bacterial growth rates differed between the locations of
the Antarctic climate gradient, but they were not
significantly affected by the OTC warming (see Table 1
for treatment-wise means and standard errors at 12°C
and Fig. 2a for means at each incubation temperature
pooled for the treatments). Within the locations, there
were clear differences between the vegetated and the fell-
field sites (P<0.01 for Location x Vegetation type
interaction). Soil from the vegetated plots of Anchorage
Island and Signy Island was in general characterised by
the highest bacterial growth rates, and the corresponding
fell-field soil had much lower growth rates (Fig. 2a). In
contrast, the soil bacterial communities from the
Falkland Islands had higher growth rate in the fell-field

habitat compared to under dense vegetation.

Differences in  adaptation, minimum and optimum
temperature along the climate gradient

Bacterial growth rates below optimum were well
modelled by the square root relationship, resulting in a
linear relationship between the square root of leucine
incorporation rate and the incubation temperature
(exemplified by one plot from each site in Fig. 2b). In
68% of the samples, R? for the regression was >0.99,
with an additional 18% having R* >0.97. The only
exception was the vegetated plots from Signy Island,
where only half of the samples had R? > 0.97. Thus, in
most cases, Tmn could be determined with high
precision.

The minimum temperature for bacterial growth, as
estimated from the growth curves, was significantly
different at different locations, with differences between
the vegetation types at some of the locations, but no
significant effects of the OTCs (Table 1). The lowest
Tuin for bacterial growth was observed in the Signy
Island vegetated plots, followed by the Anchorage Island
samples and the fell-field samples from Signy Island
(Table 1). Thin was higher on the Falkland Islands than
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at the Antarctic locations, with slightly higher values for
the fell-field compared to vegetated plots. The Swedish
reference soil had a similar Ty, to the Falkland Islands
fell-field samples. If the outlying samples from the Signy
Island vegetated plots were omitted, Tmin for bacterial
growth had a clear positive relationship with the mean
annual soil temperature (R* = 0.77, P < 0.001, n = 11;
Fig. 3a), suggesting that Tpin would increase by 0.24°C
for every 1°C rise in the mean annual temperature. With
inclusion of outliers, this relationship was still significant
(R? = 0.31, P < 0.05, » = 13), and the increase in Tin
was 0.38°C per 1°C rise in the mean annual
temperature.

250 ;) —@— Al vegetated -
—A- Al fell-field hal
200t —© S|, vegetated VAR
s —a- 8|, fell-field A
s < —O- Fl, vegetated ! \
S 3 150+ -4 Fl, fellfield / *
%’ © ~m- Sweden
Q
@&

Square root of bacterial growth

12 6 0 6 12 18 24 30 36
Incubation temperature (°C)

Fig. 2 (a) Bacterial growth rate (mean, 7 = 6-18) at different
incubation temperatures in soil from vegetated and fell-field
sites on Anchorage Island (AI), Signy Island (SI) and
Falkland Islands (FI) and a southern Swedish site. (b) Square
root of the bacterial growth (symbols) and a fitted model
(line) for a single sample from each site. The grey arrows
indicate Thmin.
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The optimum temperature for bacterial growth was
lowest on Anchorage Island and in the vegetated plots of
Signy Island (Table 1). The fell-field soil of Signy Island
and the soil from the Falkland Islands and Sweden were
all in the same range, with T,y slightly below 30°C.
There was no significant correlation (R* = 0.24, n = 13)
between To, and the mean annual soil temperature of the
locations (Fig. 3b), although the slope of the fitted line
indicated that Top would increase with 0.17°C for every
1°C rise in the mean annual temperature.

The growth temperature range was broadest, on average
40.4°C, in soils from Signy Island, and approximately
5°C narrower in soils from the other locations (Table 1).
On Anchorage Island, the growth temperature range was
narrower in the OTCs than in the control plots (P < 0.05
for location-wise analyses), but there were no significant
differences at other locations.

The ratio of bacterial growth rate at two extreme
temperatures, which has been suggested to indicate
community adaptation to temperature (the higher the
ratio, the better adapted the community is to a higher
temperature; Bdrcenas-Morena er al.  2009) was
significantly different between the locations (Table 1).
Along the climate gradient, the ratio was lowest for the
bacterial community from the coldest location,
Anchorage Island, intermediate for that from Signy
Island and highest for that from the warmest location,
the Falkland Islands. The Swedish reference site with a
higher mean annual temperature also had a higher ratio
than the sites along the Antarctic gradient (Table 1). In
fact, the ratio describing temperature adaptation
produced a linear fit when plotted against the mean
annual soil temperature (R* = 0.66, P < 0.001, »n = 13;
Fig. 3c). There were no significant differences between
the vegetation types or the warming treatments (Table 1).

Qio (0-10°C) also varied with the mean annual soil
temperature from around 4 in the coldest locations to
around 6 in the warmest (Fig. 3d). Regression of Qo (0-
10°C) against mean soil temperature indicated that for
every 1°C rise in the mean annual temperature, Qo
would increase with 0.18 units (R = 0.63, P < 0.01, n =
13). As expected, Qyo (10-20°C) was lower than Qo (0-
10°C), but it was also significantly (R* = 0.52, p<0.01,
= 13) affected by mean soil temperature (increased from
around 2 to 2.5; Fig. 3d). The regression indicated that
Q10 (10-20°C) would increase by 0.03 units for each 1°C
rise in the mean annual temperature.
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Discussion

By analysis of temperature relationships of soil bacterial
communities over an Antarctic climate gradient, we
demonstrated that bacterial communities were adapted to
the prevalent temperature conditions. Both the ratio of
bacterial growth rates at two extreme temperatures and
Tin for bacterial growth were in general lowest in the
coldest location and highest in the warmest location, with
a significant correlation between Tpin and the mean
annual soil temperature. This resulted in Qo values
increasing with mean annual temperature, that is,
bacterial communities from low temperature regions
were less responsive to temperature than those from
regions with higher mean annual temperatures. Such
increased Qo for respiration with increasing soil
temperature has been earlier reported (Fierer et al. 2006;
Acuna et al. 2008).

The low Thin-values obtained (-10.5°C averaged across all
locations and treatments) are well in agreement with the
results of Nevot et al. (2008), who found that Ty, for an
Antarctic psychrotolerant bacterium, Pseudoalteromonas
antarctica NF3, was -9.24°C. This suggests that bacterial
growth in Antarctic soils would continue well below the
freezing point, as long as free water is available. Studies
on soil respiration at low temperatures have shown that
this, indeed, takes place in frozen soil (Clein & Schimel
1995; Mikan et 2. 2002).

Few other studies have determined Tmin and T for
bacterial growth in soil. However, Thi in arable soils
from southern Sweden has been repeatedly determined to
be between -5.4°C and -8.1°C (Dfaz-Ravina et al. 1994;
Pietikiinen e al. 2005). The T, of our soil from
southern Sweden, -6.7 + 0.5°C, is thus within the range
found earlier for soils with the same temperature regime.
This was also the case for Top (29.2 = 0.7°C in the
present study) as compared to earlier results (25 — 30°C,
Diaz-Ravifa et al. 1994).

Although Ty was also lowest in the coldest location, the
relationship between this cardinal temperature point and
mean soil temperature did not follow clear trends
through the other sites. This owes partly to the fact that
the precise determination of Toy is more difficult than
that of Thmin. However, it also appears that Top varies less
with changes in environmental temperatures. Li and
Dickie (1987), in their seminal study on the seasonal
temperature characteristics of the marine bacterial
community in the North Atlantic, found that whereas
the increase in T, varied from 0.35 to 0.55°C for every
1°C rise in the in situ temperature (the in situ
temperature varying between -0.5 and 19.5°C over the
year), the increase in T,y only varied between 0.27 and
0.31°C per unit degree change. Our results mirror this
trend. In our data, T, increased by 0.24 to 0.38°C for
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Fig. 3. (a) Minimum (Tmin) and (b) optimum temperature (Top) for bacterial growth, (c) ratio of bacterial growth at 30°C/4°C, and (d)
Qi0(0-10°C; above the dotted line) and Quo (10-20°C, below the dotted line) plotted against the mean annual soil temperature on
Anchorage Island (black symbols), Signy Island (grey symbols) and Falkland Islands (white symbols) and a southern Swedish site (black
squares). Circles indicate vegetated habitat and triangles fell-field, symbols with an x-hair OTC-treatment. Data are (mean, 7 = 3-9).

every 1°C rise in the mean annual soil temperature, while
Tope only increased by 0.17°C.

In general, Ty for growth is largely irrelevant in natural
soils, because this cardinal point for the soil microbial
community is usually much higher than the normal
temperature range encountered by soil organisms (Li &
Dickie 1987; Diaz-Ravina ez al. 1994; Pietikiinen et 4.
2005; Sand-Jensen et al. 2007). This is also illustrated in
the present study, where the maximum soil surface
temperature rarely rises over 10°C (Bokhorst ez a/. 2008),
while Ty is above 20°C.

We found that warming by OTCs for three years had not
influenced temperature relationships of the soil bacterial
community. This was not surprising given that the same
OTC treatments have not yet caused any substantial
changes in decomposition rates (Bokhorst ez a/. 2007b),
soil arthropod communities (Bokhorst ez a/. 2008) or, in
most cases, bacterial and fungal community structures
and gene densities (Yergeau 2008). The only statistically
significant treatment effect in the present study was a

narrowing of the growth temperature range by OTC
warming at the southernmost location, Anchorage Island.
Interestingly, the vegetated plots at this location showed
significant OTC-induced increases in bacterial densities
as determined by quantitative PCR (Yergeau 2008). In
another study employing OTCs, no effects of warming
were observed for decomposition rates in the extreme
cold desert soil of Antarctica, despite simultaneous
moisture additions (Treonis ez 2/ 2002).

The general lack of OTC effects on bacterial temperature
adaptation is well in line with the predicted temperature
sensitivity of the bacterial communities. For example, the
temperature increase of <1°C by the OTCs (Bokhorst ez
al. 2007b) should have increased Toin of the soils from
our climate gradient by less than 0.24 to 0.38°C, and the
measurement precision would not be able to detect such
small changes. Furthermore, only 3 years of OTC
treatments might be too short a time for adaptation of
the microbial community at these low temperatures
(usually <10°C, Bokhorst e a/. 2008), since the turn-over
time of the microbial community is very long. In the
Arctic, more than a decade of experimental warming was
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needed before significant changes in soil microbial
biomass and community composition were detected
(Rinnan ez al. 2007). The effect of temperature on the
rate of adaptation was also suggested by the work of
Pettersson and Baath (2003), who found that adaptation
to altered temperature regimes would be more rapid at
high as compared to low temperatures.

The temperature relationship of the soil bacteria from the
vegetated plots of Signy Island was clearly different from
that in the other plots, especially with regard to Tpin. The
vegetation of the plots from Signy Island was dominated
by a dense 20-cm-thick moss cover (Bokhorst et al.
2007a), and the soil samples used in the present work
consisted of partly decomposed moss peat from the lower
part of the moss carpet. This conspicuous trait may help
explain the different characteristics of the prevailing
bacterial community in this habitat. The peaty soil may
have been better insulated, and it is likely that the fell-
field soil with bare dark surfaces absorbs more infrared
radiation and is thereby exposed to higher temperature
fluctuations. The vegetated plots of Signy Island are also
characterized by several times higher total phospholipid
fatty acid concentrations and bacterial abundance (as
analyzed by real-time PCR) than the corresponding fell-
field plots and by much higher P, Fe and Mg
concentrations than the other soils used in the present
work (Yergeau er al 2007a). In addition to the
temperature  conditions, bacterial communities are
strongly affected by freeze-thaw cycles. The frequency of
freeze-thaw cycles is higher on Signy Island than on
Anchorage Island, and nearly zero on the Falkland
Islands (Yergeau ez al. 2007a).

We can use the data from our climate gradient to predict
future changes in temperature sensitivity of the soil
microbial community. Assuming a temperature increase
of 2.6°C by the end of this century (Christensen et al.
2007), this would increase Thin of soil bacterial growth by
0.6 to 1°C. This, seemingly small increase, would be
accompanied with a subsequent increased temperature
sensitivity (Quo 0-10°C) of 0.5. However, to validate this
prediction, more studies including different soil
environments, as well as soils covering a more complete
range of mean annual temperatures are needed. The
obtained results are valid for bacterial growth in soil.
However, in the long term, soil respiration and growth
will be necessarily correlated. Thus, our results suggest
that global warming will increase Qo for soil respiration
by 0.5 units as we have found for bacterial growth.
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