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A B S T R A C T

Quorum sensing and quenching are components of chemical signaling that microorganisms use for gene reg-
ulation. These components regulate extracellular enzyme production and may subsequently mediate microbial
efficiency. We performed a 30-day field-based common garden experiment to determine the effect of quorum
sensing and quorum quenching on respiration, enzyme activity, and microbial efficiency. For nutrient acquisition
enzymes (e.g. n-acetylglucosaminidase), we found that quorum sensing treatments had 1.4–2.2-fold greater ac-
tivity than quorum quenching treatments. Furthermore, mass-specific respiration for quorum sensing treatments
were ∼1.2-fold higher than quorum quenching treatments, indicating lower efficiency. This study highlights soil
microbial quorum sensing as a mechanism that influences both enzyme production and mass-specific respiration,
and as a potential regulator of enzyme evolutionary-economics.

In soil, microorganisms produce extracellular enzymes in order to
break down complex organic polymers and acquire carbon (C) and nu-
trients necessary for growth and maintenance (Burns et al., 2013). En-
zyme production is energetically costly; therefore, enzyme dynamics
are often interpreted within a resource allocation framework, where
increased resource availability results in decreased enzyme activity
(Sinsabaugh et al., 2002), and enzyme production increases in order to
acquire scarce resources (Allison and Vitousek, 2005). This model may
also be governed by evolutionary-economic principles, where regulation
of extracellular enzymes is under tight selection due to the resources
required for enzyme production (Allison et al., 2010). One potential
mechanism for regulating the cost of extracellular enzyme production is
through quorum sensing.

Quorum sensing is a type of cell signaling and gene regulation (Li
and Tian, 2012; Williams et al., 2007) controlled via autoinducer mol-
ecules such as bacterial acyl homoserine lactones (AHLs). AHL-medi-
ated quorum sensing can regulate various extracellular enzymes in-
volved in C, N, and P acquisition (Chernin et al., 1998; DeAngelis et al.,
2008; Hmelo et al., 2011; Van Mooy et al., 2012). Bacteria use these
AHLs to reach a “quorum” in order to coordinate enzyme production
and release (Allison et al., 2010). A quorum can be reached either by
high cell density or when the diffusion gradient favors accumulation of

AHLs near the cells that produce them (Miller and Bassler, 2001;
Redfield, 2002). Competitors can inhibit quorum sensing signals by re-
leasing quorum quenching enzymes (e.g, acylase) that degrade AHLs
(Dong and Zhang, 2005), and downregulate both extracellular enzyme
activity (EEA) (DeAngelis et al., 2008) and leaf litter decomposition
(Strickland et al., 2013).

We sought to determine the effect of quorum sensing and quench-
ing on EEA under different soil resource (i.e. leaf litter) conditions. We
performed a 30-day common garden experiment using a 3 × 3 factor-
ial, randomized block design, with three levels of quorum sensing (wa-
ter only control; + quorum sensing: N-octanoyl-L-homoserine lactone
(C8-AHL); + quorum quenching: acylase enzyme) and 3 litter treat-
ments (no litter control, Acer rubrum, and Pinus strobus); replicated 4
times (n=4). The two litter species represent a range in litter chem-
istry, i.e. A. rubrum has lower lignin content than P. strobus ((Melillo et
al., 1982; Scott and Binkley, 1997), which can affect EEA (Sinsabaugh
et al., 2002). Based on the evolutionary-economic model, we predicted
C8-AHL would upregulate EEA (Hmelo et al., 2011; Van Mooy et al.,
2012) because the AHL signal would indicate enzyme production was
favorable and that acylase would downregulate EEA by degrading AHL
signals which would indicate extracellular enzyme production would be
a poor allocation of resources.

Abbreviations: EEA, Extracellular enzyme activity; AHL, Acyl-homoserine lactone.
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We placed thirty-six 10-cm diameter PVC collars 3cm deep, in
Blacksburg, VA (37.2296, −80.4255); udorthent-urban soil. Collars were
randomly assigned a treatment and amended with 5g (dry weight) of
leaf litter at the beginning of the experiment. Each week for 30 days, we
measured respiration using an infrared gas analyzer (Li-8100A; Li-Cor
Biosciences, Lincoln, Nebraska, USA), and added 1ml of either C8-AHL
(2μgml−1), acylase (100μgml−1), or deionized water to respective col-
lars. At the end of the 30-day field experiment, we collected and com-
posited two 2.5cm diameter soil cores from each collar (5cm depth).
Soils were sieved (4mm), homogenized, and stored at 4 °C (microbial
biomass) or −80 °C (EEA).

We measured active microbial biomass using substrate induced res-
piration (SIR) (Anderson and Domsch, 1978), modified per Fierer et al.
(2003) and the activity of six hydrolytic extracellular enzymes involved
in C, N, and P cycling (Table 1) (Osburn et al., 2018; Saiya-Cork et al.,
2002). We determined mass-specific respiration and mass-specific EEA
as respiration or activity per unit microbial biomass C after converting
SIR per Phillips et al. (2011). Briefly, Microbial biomass C was calcu-
lated using the equation put forth in Anderson and Domsch (1978):
Microbial biomass C = 40.04y +0.37
where y=respiration rate determined via SIR (Fig. S3).

We expected that higher mass-specific respiration and EEA would be
indicative of reduced microbial efficiency (Wepking et al., 2017). We
used active microbial biomass (i.e. SIR) instead of total biomass, be-
cause we expected it to be responsive to short term manipulation.

Data was analyzed in R (R core Development Team, 2013) via linear
mixed-effects models (lme4 package). Quorum sensing and litter treat-
ments were fixed effects while block was a random effect (Table S1).
Tukey's HSD (emmeans package) was used for pairwise comparisons.
Missing data points for BG and XYL were imputed (supplementary meth-
ods).

Litter treatment affected cumulative respiration (Fig. 1A;
F(2) =69.92; P<0.001) but quorum sensing treatment did not (Fig. 1C;
F(2) =1.13; P=0.57). The two leaf litter additions had ∼1.1-fold greater
cumulative respiration than the control (Fig. 1A). This indicates that
the C8-AHL and acylase substrates did not produce a priming effect
(Kuzyakov et al., 2000). This is further supported by the lack of change
in respiration between quorum sensing treatments within a single litter
(Fig. S1). Both the litter (F(2) =38.95; P<0.001) and quorum sensing
(F(2) =14.42; P<0.001) treatments affected mass-specific respiration.
The two leaf litter additions resulted in ∼1.4-fold greater mass-specific
respiration (Fig. 1B). The water only control and C8-AHL treated soils
had ∼1.2-fold greater mass-specific respiration than acylase treated soils
(Fig. 1D). This suggests that acylase may increase microbial efficiency,
i.e. the acylase enzyme quenches the AHL signals which indicates that
conditions are unfavorable for enzyme production so resources may be
allocated to biomass.

Both litter (F(2) =34.25; P<0.001) and quorum sensing
(F(2) =23.81; P<0.001) treatments affected mass-specific AP activ-
ity. The P. strobus treatment had 1.5-fold greater activity than the
no litter control and 2.6-fold greater than the A. rubrum treatment.
Quorum sensing treatment significantly affected mass-specific NAG

Table 1
Extracellular enzymes assayed.

Enzyme Abbreviation Enzyme Function

β-glucosidase BG Cellulose degradation
β-xylosidase XYL Hemicellulose degradation
β-D-cellubiosidase CBH Cellulose degradation
Acid Phosphatase AP Phosphorus mineralization
Leucine aminopeptidase LAP Protein depolymerization
N-acetyl-β-glucosaminidase NAG Chitin degradation

(F(2) =14.51; P<0.001), and mass-specific LAP (F(2) =7.89; P=0.02)
activity (Fig. 2), but litter did not (Fig. S2). Additionally, there were
pairwise differences between C8-AHL and acylase for mass-specific AP
(Fig. 2A) and NAG (Fig. 2B), as C8-AHL treatment resulted in ∼2.2-fold
and ∼1.8-fold greater activity than acylase treatment, respectively.
C8-AHL treatment increased mass-specific LAP activity ∼1.4-fold above
the acylase treatment (P=0.057; Fig. 2C). These results were expected
as previous research indicated a role of quorum sensing on enzyme ac-
tivity in a marine ecosystem (Van Mooy et al., 2012) and the soil rhi-
zosphere (DeAngelis et al., 2008). There was no significant litter or
quorum sensing treatment effect for C acquisition enzymes (BG, CBH,
XYL), however each followed the same (i.e. C8-AHL>control>acy-
lase) trend as the nutrient acquisition enzymes (Fig. S3). Possibly, C ac-
quiring enzymes are not as tightly controlled by quorum sensing. Alter-
natively, the high availability of labile C inputs from grass root exuda-
tion (Sokol et al., 2019) may be suppressing enzyme production at our
experimental site.

Quorum sensing appears to act as a potential regulator of the mi-
crobial extracellular enzyme economy by modifying enzyme production
based on microbial cell density and/or substrate diffusion rates. Our re-
sults indicate a moderate increase in nutrient acquisition enzyme activ-
ity with the addition of C8-AHL, and a moderate decrease in enzyme
activity with the addition of acylase (Fig. 2), relative to the control.
Paired with mass-specific respiration (Fig. 1D), this result suggests that
by regulating enzyme activity, quorum sensing could also be modulat-
ing microbial efficiency in the short term. In our study, the impact on
efficiency is driven by a slight increase in microbial biomass in the acy-
lase treatment and a decrease in microbial biomass in the C8-AHL treat-
ments, relative to the control, as determined by SIR (Fig. S4). We posit
that this result is due to a switch in resource allocation – acylase de-
grades AHLs resulting in bacteria devoting more resources to biomass
relative to enzyme production while the C8-AHL signal has the opposite
effect. The acylase treatment was more pronounced than the C8-AHL
treatment, as acylase reduced total enzyme activity ∼21%, and C8-AHL
increased enzyme activity 12%, relative to the control (Fig. S3D). This
is likely due to the nature of the treatments, as acylase quenches a vari-
ety of AHLs, and we only added one, albeit common, AHL. Future stud-
ies could garner a more complete understanding of the effect of quorum
sensing on decomposition by measuring AHL abundance and identity in
situ.

According to decomposition models, microbial efficiency decreases
as investment in extracellular enzymes increases (Allison, 2014;
Manzoni et al., 2012). However, under an evolutionary-economic model
of enzyme activity, enzymes should only be produced when there is a
return on investment greater than the cost of production. For exam-
ple, if the quorum sensing signal (AHL) is degraded by acylase the cell
would interpret the lack of signal as unfavorable for enzyme produc-
tion. To further test this hypothesis, it will be necessary to more pre-
cisely measure the effect of quorum sensing on microbial efficiency, and
to characterize the impact of alternative quorum sensing systems (e.g.
fungal quorum sensing; Hogan, 2006) on microbial efficiency and en-
zyme production. Therefore, we suggest that future studies use 13C la-
beled leaf litter (or other substrates) and quantify litter derived C in all
soil pools under various quorum sensing treatments. The use of stable
isotopes would also allow researchers to investigate the effect of quo-
rum sensing on other ecosystem processes such as the stabilization of
soil organic matter. While such studies will expand our understanding
of quorum sensing, this study provides evidence of non-substrate medi-
ated control of enzyme activity under an economic model. Furthermore,
this study shows that microbial efficiency may be determined, not only
by the community's ability to use specific substrates, but also by chemi-
cal signals, i.e. AHLs and acylase, involved in quorum sensing.
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Fig. 1. Cumulative respiration increased in both Acer rubrum (RM) and Pinus strobus (WP) litter treatments (A) 1.1-fold, and mass-specific respiration (B) increased 1.4-fold above the no
litter control. For quorum sensing treatments, there were no treatment effects on cumulative respiration (C) indicating that the soil was not primed, significant treatment differences were
observed between C8-AHL and acylase for mass-specific respiration (D), where C8-AHL and the control had 1.2-fold greater respiration than acylase. Shown are means ± 1 standard error.
Pairwise differences are indicated by different letters (α = 0.05); * indicates marginal pairwise differences (α = 0.10). Listed P values are for overall treatment effects.

Fig. 2. Enzyme activity for NAG (chitin degradation), LAP (Protein depolymerization), and AP (phosphorus mineralization) at the end of the 30-day incubation. A) NAG activity was
1.8-fold greater (P<0.001; B) LAP activity was ∼1.4-fold greater (P=0.02); and C) AP activity was 2.2-fold greater (P < 0.001) in the plots receiving the C8-AHL than in plots receiving
acylase. For each of these enzymes, the water only controls were intermediate. Shown are means ± 1 standard error. Pairwise differences are indicated by different letters (α = 0.05); *
indicates marginal pairwise differences (α = 0.10). Listed P values are for overall treatment effects.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.soilbio.2019.06.010.
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