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Abstract
Background—The intestinal microbial community has major effects on human health, but
optimal research methods are unsettled. To facilitate epidemiologic and clinical research, we
sought to optimize conditions and to assess reproducibility of selected core functions of the distal
gut microbiota, β-glucuronidase and β-glucosidase bioactivities.

Methods and results—A colorimetric kinetic method was optimized and used to quantify
activities of β-glucuronidase and β-glucosidase in human feces. Enzyme detection was optimal
with neutral pH, snap freezing in liquid nitrogen, and rapid thawing to 37°C before protein
extraction. Enzymatic stability was assessed by delayed freezing for 2–48 hours to mimic field
settings. Activities decayed approximately 20% within 2 hours and 40% within 4 hours at room
temperature. To formally assess reproducibility, 51 volunteers (25 male; mean age 39) used two
devices to self-collect and rapidly chill four replicates of a stool. Devices were compared for mean
enzymatic activities and intraclass correlation coefficients (ICC) in paired replicates of the self-
collected specimens. Reproducibility was excellent with both devices for β-glucuronidase (ICC
0.92). The larger collection device had significantly higher reproducibility for β-glucosidase (ICC
0.92 vs. 0.76, P<0.0001) and higher mean activities for both enzymes (P<0.0001).

Conclusions—Optimal measurement of these core activities of the microbiota required a
sufficient quantity of rapidly chilled or frozen specimens collected in PBS at pH7.0. Application
of these methods to clinical and epidemiologic research could provide insights on how the
intestinal microbiota affects human health.
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Introduction
Studies of the gut microbiome have mainly focused on the analysis of DNA sequences,
particularly the 16S rRNA gene, to describe the composition and relative abundance of the
microbiota system [1]. In addition, metagenomic analysis has been used to identify the
genetic capacity of the whole microbiome in a particular milieu [2]. These powerful
techniques, however, do not measure specific bacterial functions, which may serve as better
indicators of how microbes affect health or disease conditions.

Specific functional assays would help to clarify microbial-host interactions, but validation of
the methods is required for epidemiological studies, especially if complex specimens such as
feces are used. One particular function with application for understanding disease etiology
and pathogenesis is microbial enzymatic activity. Freeman and colleagues reported the
effect of dietary fiber on fecal bacteria enzymatic activity in a rat model of colon
carcinogenesis [3]. Similarly, Goldin and Gorbach measured bacterial β-glucuronidase to
determine the effect of diet and probiotic supplements on bacterial enzymatic activity [4].
These and other studies have established that deconjugation of glycosilated metabolites is a
core function of the intestinal microbiota [5;6]. More recent studies have suggested that
strains of the genus Bacteroides require deconjugation for nutrient acquisition and may be
one of the main bacterial groups with this function [7–10]. Of interest is the association of
Bacteroides and other members of the phylum Bacteroidetes in inflammatory bowel disease
and Crohn’s disease [11;12]. It is possible that these conditions result, in part, from high
levels of Bacteroidetes-related deconjugation leading to increased induction of pro-
inflammatory compounds [13].

Prior to launching epidemiologic and clinical studies of bacterial functions, optimization of
many parameters is needed to minimize variability of enzymatic measurements and facilitate
comparison across studies. These parameters include specimen collection, specimen
handling, and assay reproducibility. The current project aimed to evaluate the reproducibility
of measurements of two microbial enzymes (β-glucuronidase and β-glucosidase) from fecal
specimens that were self-collected by volunteers.

Methods
Assays to detect and quantify enzymatic activities were developed and optimized with fecal
specimens from laboratory volunteers. Additional methods are provided in Supplemental
Materials.

Protein extraction
Protein extraction and enzymatic activities were performed as described by Goldin and
colleagues [4] with slight modifications to optimize detection of the enzymatic activities.
Approximately 0.5gr of thawed feces in phosphate buffered saline (PBS) was transferred to
a 10ml conical tube containing 5ml of extraction buffer (60mM Na2HPO4, 40mM
NaH2PO4, 10mM KCl, 1mM MgSO4) and kept on ice. Fecal material was homogenized by
heavy vortexing for 1 min, and bacterial cells were lysed by sonication using a Misonix
XL2000 Ultrasonic Homogenizer (Fisher Scientific, Pittsburgh, PA) at maximum power for
90 sec (30 second intervals) on an ice bath. Lysates were centrifuged at 22Kg (20K rpm) for
30min at 4°C using an Eppendorf 5424 microcentrifuge, and supernatant containing
extracted proteins was transferred to new tubes and used to measure protein concentration
and enzymatic activities. Protein concentration in each lysate was estimated using the
bicinchoninic acid method according to the manufacturer’s instructions (PIERCE, Rockford,
IL) and used to normalize enzyme activity estimates.
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Enzymatic activity assay
β-glucuronidase and β-glucosidase activities were measured in a 96-well microplate format
using ~100mg of input protein from fecal lysates (in 100µl volume with PBS). The final
reaction volume was 200µl/well, composed of 100µl sample and 100µl of either 10mM 4-
Nitrophenyl-β-D-glucuronide pH7.0 (for β-glucuronidase) or 10mM 4-Nitrophenyl-β-D-
glucopyranoside pH7.0 (for β-glucosidase) preincubated at 37°C, which was added
immediately before starting the enzymatic reaction. Enzymatic activity was measured in
triplicates by following real-time kinetics at 37°C of the product 4-nitrophenol. The
increment of the product was monitored at 405nm on Spectramax M5 (Molecular Devices,
Sunnyvale, CA) either for 60min for fecal extracts with sufficient protein concentration or
5Hr for diluted fecal samples. Enzymatic concentrations were determined from standard
curves of pure enzymes [β-glucuronidase, SIGMA G7646 and β-glucosidase, SIGMA
G4511, SIGMA-ALDRICH (St. Louis, MO)] as controls and normalized by protein input.
Enzymatic activity was reported as the mean value of triplicate runs in IU/100mg protein.

Assay optimization and validation
A description of the protocols used for these experiments can be found in the Supplemental
Materials. In short, several collection procedures and storage conditions were tested to
assess the sensitivity and extraction yield of bacterial β-glucuronidase and β-glucosidase
from fecal extracts. Among the parameters tested were collection buffers containing
different media [RNAlater® (Ambion, Austin, TX) vs. PBS] with or without mild detergents
(0.5% Triton X-100) and/or protease inhibitor cocktail (SIGMA, P8340). As described in
Table 1 and the Supplemental Materials, specified freezing and thawing methods (no freeze;
fast freeze/fast thaw; fast freeze/slow thaw; slow freeze/fast thaw; and slow freeze/slow
thaw) and delayed freezing (0, 2, 4, 8, 12, 24 and 48 Hr incubation at room temperature
prior to freeze) were tested to determine the best parameters for handling fecal specimens in
epidemiological studies when self-collection is needed and immediate freezing is not an
option. The effects on enzymatic activities of pH and dilution of protein content (from 1–
20mg/reaction) were also assessed.

Research Subjects
To assess the reproducibility of microbial measures in self-collected fecal specimens,
healthy volunteers (25 male, mean age 39; and 26 female, mean age 40) were recruited from
the Division of Cancer Epidemiology and Genetics, National Cancer Institute (NCI). The
study was approved by the NCI Special Studies Institutional Review Board. Following face-
to-face instructions and signed informed consent, participants were provided a toilet-
attached pouch (Protocult, Rochester, MN), from which they collected multiple aliquots
from various parts of an early or mid-morning stool. As illustrated in Figure 1, four aliquots
were collected with Polymedco OC-auto collection devices that were pre-loaded with 2ml
sterile PBS. Polymedco is a leak-proof device with a snap-cap-attached probe that is widely
used for colon cancer screening (FOBT-CHECK®). For comparison, four aliquots were
collected with Sarstedt feces collection containers (SARSTEDT, Nümbrecht, Germany), a
10mL tube with a screw-cap-attached scoop, each of which was pre-loaded with 5ml PBS.
The Sarstedt device holds approximately 20-fold more fecal matter (~1gm) than does the
Polymedco device. All specimens were immediately chilled on frozen gel packs, frozen in
liquid nitrogen within 1–3 hours, and stored at −80°C until thawing for protein extraction.
Four aliquots from each participant (duplicates with each device) were used for the current
study. The remaining aliquots were reserved for future studies.
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Reproducibility and device comparison
To assess reproducibility of β-glucuronidase and β-glucosidase activity measurements, as
well as to compare the two collection devices, extractions of independent duplicates of feces
(one duplicate per device per participant [n=4]) were used (Figure 1). In short, fecal
specimens were thawed on ice; proteins were extracted as described above; and activities of
microbial β-glucuronidase and β-glucosidase were measured colorimetrically in triplicates,
as described above. The mean of the triplicate values was used to determine the intra class
correlation (ICC) between replicates; and the means of the replicates were used to assess
correlation between devices.

Statistical analysis
Enzymatic activity was estimated as the mean [and standard error of the mean (SEM)] of the
triplicate measures. Differences between the devices in mean enzyme activities were
compared with Wilcoxon signed rank tests. ICC between each device’s duplicate aliquots
was calculated for each enzyme. Difference in ICC between the devices was tested by
bootstrapping with 1000 replicates. Significance was based on two-sided tests with α=0.05.
Analyses were conducted using the statistical software SAS version 9.2 (SAS Institute Inc,
Cary, NC).

Results
Optimization experiments with collection media

Bacterial β-glucuronidase and β-glucosidase from fecal extracts were sensitive to the
collection media used. Both enzymes were inhibited by RNAlater, mild detergents, protease
inhibitors and mild acidic pH (data not shown). Except as noted below, assessment of
bacterial β-glucuronidase and β-glucosidase activities was restricted to specimens collected
in PBS at pH7.0. With optimized conditions, including freezing and thawing (Table 1), β-
glucosidase activity (mean±SEM, 6.16±0.09 IU/100 mg protein) was more than 2-fold
higher than β-glucuronidase activity (mean±SEM, 2.61±0.04 IU/100 mg protein).

Freeze/thaw effects
As shown in Table 1, β-glucuronidase activity in specimens that had never been frozen did
not differ significantly from activity in specimens that had been frozen and thawed under
various conditions (P≥0.06 for all comparisons). There was, however, significant
heterogeneity in β-glucuronidase activity among the freeze/thaw conditions (P=0.02), with
the highest activity observed with the fast freeze/fast thaw condition and the lowest activity
with the fast freeze/slow thaw condition. In contrast to β-glucuronidase, never frozen
specimens had significantly lower β-glucosidase activity compared to all of the freeze/thaw
conditions (by 26.8–38.7%, P≤0.0005 for all comparisons). As observed for β-
glucuronidase, there was significant heterogeneity of β-glucosidase among the freeze/thaw
conditions (P=0.03); activity was highest with the fast freeze/fast thaw condition and lowest
with the slow freeze/fast thaw condition.

Delayed freezing and storage conditions
The effect of incubation at room temperature on fecal enzymatic activity for samples stored
in different media is shown in Fig. 2. The highest activity of β-glucuronidase in the basal
condition (at time 0) was observed in fecal specimens in PBS alone (P=0.02). This activity
with PBS alone fell by 20% within 2 hours and by 40% during 4 hours of incubation at room
temperature (Fig. 2a). Protease inhibitors and acidic pH both decreased the β-glucuronidase
activity by more than 50% at time 0 and by lesser amounts with incubation at room
temperature. The loss of β-glucosidase activity during 4 hours at room temperature was
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similar (Fig. 2b). Incubation at room temperature for more than 12 hours resulted in higher
enzyme activity levels (Fig. 2a,b), presumably due to proliferation of bacteria.

Reproducibility of fecal microbial enzymatic activity
With specimens that were self-collected by 51 volunteers (Figure 1), reproducibility
between duplicates in enzymatic activity levels was good to excellent with both devices
(Fig.3a,b). With the larger (Sarstedt) device, β-glucuronidase had ICCSarstedt=0.921, and β-
glucosidase had ICCSarstedt=0.920. With the smaller (Polymedco) device, the corresponding
values were ICCPolymedco=0.92 for β-glucuronidase and ICCPolymedco=0.76 for β-
glucosidase. ICC was significantly lower with Polymedco than Sarstedt for β-glucosidase
(mean ICC difference 0.17, P<0.0001) but not for β-glucuronidase (mean ICC difference
0.003, P=0.91). Moreover, as shown in Table 2, mean (SEM) levels of activities were
significantly lower with Polymedco than with Sarstedt [β-glucuronidase 0.74 (0.10) vs 1.20
(0.15), P=0.01; β-glucosidase 1.47 (0.08) vs 2.37 (0.23), P=0.003]. As also shown in Table
2, β-glucosidase activity was higher than β-glucuronidase activity with either device
(P<0.0001 for each device).

Discussion
To facilitate clinical and epidemiologic studies of the human microbiota, this project
developed and assessed methods to accurately and reproducibly measure the functional
activity of two microbial enzymes, β-glucuronidase and β-glucosidase, in self-collected
fecal specimens. We found that immediately chilled specimens that were collected in
sufficient quantity yielded robust and highly reproducible quantification of both enzymes.
Results were less optimal with delay at room temperature or a smaller quantity of feces. In
contrast to enzyme measures, delay before freezing and amount of feces appear to have less
effect on characterization of the fecal microbiome based on 16S rRNA amplification and
pyrosequencing [14;15].

Stool is a complex mixture of metabolites, indigestible and partially digested fibers, short-
chain fatty acids, bile acids, mucus, viable and remnants of dead intestinal cells, and a
dynamic and diverse microbial ecosystem of prokaryotes, eukaryotes, fungi and phage
viruses. Even though bacterial diversity in the human gastrointestinal tract can surpass more
than 1000 distinct bacterial species, the collective gut microbiome appears to have a
relatively uniform core of metabolic functions [16;17]. When stool is removed from the gut
microenvironment, however, some of these functions are affected by changes in oxygen
tension, temperature, preservation media, and other conditions. Fluctuations in handling and
processing of such specimens are likely to have marked effects on measures of bacterial
functional activity. To understand these possible sources of variation, a series of
experiments was performed on fresh human stool to define the effects of freezing, media,
extraction techniques, and lag time on the activity of two bacterial enzymes, β-glucosidase
and β-glucuronidase, involved in chemical cleavage of polysaccharides or deconjugation
reactions.

Our experiments showed that both enzymes are sensitive to the collection media used.
Previous reports of β-glucuronidase and β-glucosidase kinetics suggested an optimal acidic
pH of 5.0 to maximize activity [18;19]. However, when an acidic pH of 5.0 was used during
either extraction or enzyme measurement, the activity was reduced by 58% compared to a
neutral pH of 7.0. Likewise, both enzymes were very susceptible to the presence of protease
inhibitors, including mercaptoethanol, which have been reported in extraction buffers for
proteins used in kinetic studies [20;21]. Consequently, enzymatic assay optimization and
validation need to be established for specific biospecimens before launching any collection
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protocol used for clinical studies. Our experience suggests that neutral pH is preferred with
human fecal samples.

Specimens collected in the field typically spend various amounts of time at room
temperature, following which they are shipped to a central laboratory on frozen gel packs
(4°C) or dry ice (−30°C). Once in the laboratory, samples are either processed immediately
or stored in freezers. While this work flow is common in many studies, lag times from one
step to another in specimen processing are often not determined. For specimens like human
stool, harboring a concentration of bacteria on the order of 1014 cells/gr, lag time at room
temperature or even on ice will most likely affect the metabolic rate and degradation of
expressed proteins. To determine the effect of room temperature incubation on fecal
bacterial enzymatic activity, we performed a time line experiment using different collection
media. Irrespective of media used, the overall effect was a 20%–40% loss of enzymatic
activity within 2–4 Hr at room temperature. These results illustrate that large bias may occur
with delayed freezing. For our reproducibility assessment, we sought to minimize decay at
room temperature by having our 51 volunteers immediately chill their self-collected
specimens with gel packs, following which we froze the specimens in liquid nitrogen within
3 hours. We found that immediate chilling was sufficient for highly reproducible
measurement of two enzymes.

In summary, technological advances in sequencing over the last 20 years have
revolutionized the conceptual framework of microbiota/host interactions. Sequencing can be
complemented by quantification of specific bacterial functions. As a first step in this
functional-genomic continuum, herein we carefully evaluated the stability and effects of
specimen storage, handling and media on bacterial enzymatic activity. We found that
homogenization of stool in neutral pH, chilling and freezing soon after specimen collection,
and fast thawing at 37°C before protein extraction preserved the activity of at least two
bacterial enzymes. Because freezing soon after specimen collection is not always feasible in
clinical and field settings, alternatives for stabilization of bacterial enzymatic activity are
needed. With specimens that were self-collected in sufficient amount, then immediately
chilled, we found that estimates of β-glucuronidase and β-glucosidase activities were highly
reproducible. Application of these methods to clinical and epidemiologic research could
provide insights on how the intestinal microbiota affects human physiology and health.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schema for self-collection of replicate aliquots of stool specimens by 51 volunteers. Each
volunteer collected eight aliquots from various parts of one stool using four Polymedco
devices and four Sarstedt devices (shown in photographic insert). Pairs with each device
were tested and compared for the current study.
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Figure 2.
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Effects of incubation time at room temperature and storage media on enzymatic activities. a)
β-glucuronidase. b) β-glucosidase. PBS, phosphate buffered saline alone at pH7.0, else with
protease inhibitor (+PI), or acid (pH5.0), or both. Activities of both enzymes were
consistently highest with PBS alone at pH7.0. Activities of both enzymes fell steeply during
2–4 hours at room temperature, and they increased over 24–48 hours at room temperature,
perhaps from bacterial proliferation.
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Figure 3.
Reproducibility of microbial enzyme activities in fecal specimens obtained with two
different collection devices. a) β-glucuronidase. b) β-glucosidase. For β-glucosidase
activity, the intraclass correlation coefficient (ICC) was significantly lower with Polymedco
(0.76) than with Sarstedt (0.92, P<0.0001), but the ICC was excellent with both devices for
β-glucuronidase activity.
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