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We present an inexpensive and practical microscale spectrophotometric acid-phenol assay to quantify poly-
saccharides in aqueous solution. The instant reaction within disposable materials is designed and benchmarked
for use in quantifying extracellular polymeric substances (EPS) in soils. Precipitation recovery was high across
expected ranges of soil EPS content.

1. Introduction

Soil microbes and plant roots influence soil physical (Benard et al.,
2019; Blankinship et al., 2016; Zheng et al., 2018) and chemical
(Cotrufo et al., 2019) properties through the synthesis of mucilage and
biofilms. These compounds, described as extracellular polymeric sub-
stances (EPS), bind to clay minerals (Lin et al., 2016) and their deposi-
tion or loss may be important for soil carbon sequestration (Cotrufo
et al., 2019; Sher et al., 2020). Soil EPS can be estimated by quantifying
polysaccharides extracted with a method that preserves and excludes
intact cells (Redmile-Gordon et al., 2014). However, studies quantifying
polysaccharides in soil often rely on a logistically challenging spectro-
photometric assay (DuBois et al., 1956). This assay features 4-7 mL of
superheated sulfuric acid and phenol, requiring glass vessels and sig-
nificant hazard mitigation. Assay sensitivity seems dependent on high
momentary temperature during the exothermic reaction of concentrated
acid added to aqueous solution (Taylor, 1995); reducing reaction vol-
ume seemingly makes the method less sensitive (Rasouli et al., 2014).
Other microscale versions feature long, near-boiling incubation steps to
increase sensitivity (Sher et al., 2020), adding difficulty.

2. Methods, results, and discussion
We present a modified microscale assay, designed to quantify total

and precipitated polysaccharides to estimate extracellular polymeric
substances (EPS) in soil extracts (Supplementary Material 1 — Verbose

* Corresponding author.

Protocol). Our method is based on previous work (Rasouli et al., 2014)
that performed reactions using water in glass tubes with a 95 °C incu-
bation step. In our method, reactions are performed using 1 x PBS to pair
with soil EPS extraction (Redmile-Gordon et al., 2014), in sealed 2.0 mL
polypropylene tubes, without incubation. We present additional steps
and benchmarks to aid accuracy and interpretation of soil EPS quanti-
fication. Data processing, analysis, and graphing was conducted using R
(R Core Team, 2024), including packages ‘tidyverse’ (Wickham et al.,
2019), ‘magick’ (Ooms, 2024), and ‘ggpmisc’ (Aphalo, 2025).

Our method balances safety and sensitivity, occurring at a temper-
ature low enough to be conducted in sealed disposable tubes, without a
heated incubation step, while being more sensitive than the previous
microscale assay by a factor of 2.8 (as estimated by comparing slopes of
standard curves), with a lower detection limit (Fig. 1). As in previous
versions of this assay, reaction-to-reaction variability is high; we
recommend analytical duplicates or triplicates to improve precision
(Supplementary Fig. 1). We also recommend that a new standard curve
be calculated for each lot of reaction tubes; we found variable baseline
pg-scale reactable material between fresh bags of PCR-grade consum-
ables. The order and rate of reagent combinations affects assay out-
comes, and care must be taken when adding acid and mixing reaction
tubes (see Supplementary Material 1). We advise extreme caution if
using materials and volumes other than those specified; the specific
combination of a small reaction volume and polypropylene reaction
tube prevents the plastic tube from failing.

To benchmark assay effectiveness, we extracted EPS (Redmile-
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Gordon et al., 2014) from 68 field-moist agricultural soil samples,
quantified glucose-equivalent polysaccharide per oven-dry mass of soil,
and compared these with total soil carbon (Fig. 2). Soil was sampled
from the top 20 cm of fields then growing corn (Zea mays), across three
states of the U.S. Midwest from September-October 2021. Soils were
transported and stored at 4 °C until sieving, extraction, and quantifi-
cation. Average distance between sites was 290 km (maximum 790 km),
and soil physical and chemical conditions were diverse (3.2-35.1 %
clay, 3.5-81.3 % sand, 0.7-3.8 % carbon, and pH 4.08-6.99). Total
extracellular polysaccharide concentrations ranged from 52 to 237 pg
glucose-equivalent per gram oven-dry soil, with an average of 113 pg
glucose-equivalent per g soil. This is approximately one-third the range
and mean of water-extractable organic carbon (WEOC) from comparable
soil samples (Boyer and Groffman, 1996). There was a significant cor-
relation (r = 0.67, p = 2.5 e-10) between %C and total extractable
extracellular polysaccharides (Fig. 2), comparable to the strength of the
relationship between %C and other commonly measured water-
extractable C fractions, such as potassium permanganate oxidizable
carbon (Culman et al., 2012).

We include steps to improve accuracy and utility when measuring
polysaccharides in soil extracts. First, we corrected for soil pigments,
which may not degrade during the reaction. Second, we quantified the
correlation of total extractable extracellular polysaccharides with
ethanol-precipitated polysaccharides from which soluble sugars had
been removed. When measuring polysaccharides as a proxy for large
polymers (e.g., microbial biofilm, root mucilage), extractions are
generally precipitated to exclude small sugars. We extracted and quan-
tified total and precipitated polysaccharides both in a mineral medium
(81 % sand, 19 % clay) spiked with xanthan, and from a representative
subsample of soils in which corn (Z. mays) had grown, at the conclusion
of a greenhouse drought stress experiment, to test the efficacy and
requirement of polysaccharide precipitation. Solutions were precipi-
tated by adding ethanol to extractions to a final concentration of 80 % at
room temperature, followed by immediate centrifugation and resus-
pension in extraction solution (Alves et al., 2007; Brunchi et al., 2021).

Precipitation recovered almost all large polysaccharides from ex-
tracts, but precipitation may not be necessary to estimate EPS in soil,
given the strength of correlation we found between precipitated and
total polysaccharides. We measured an average precipitation recovery of
92.5 % from all xanthan concentrations above 10 pg glucose equivalent/
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Fig. 2. Linear regression of percent total soil carbon vs. total extracellular
polysaccharides, with 95 % confidence interval. Fge = 55.5, P = 2.5 * 10710, 12
= 0.45.

g soil (Supplementary Table S1), and a strong linear correlation between
extracted and precipitated polysaccharides in soils (r = 0.98, Fig. 3). In
very low-carbon soils or sediments, analytical triplicates or quadrupli-
cates are recommended to account for inherent assay variability. Further
research is needed to determine the environmental contexts in which
precipitation is required; precipitation is likely needed in circumstances
where concentrations of soluble sugars are expected to vary between
samples.

Our total polysaccharide assay, designed to be conducted directly on
soil EPS extracts using sealed, disposable tubes and cuvettes, and
benchmarked across diverse soil conditions, allows any researcher with
a flow hood and cuvette spectrophotometer to study microbial biofilms
and plant exudates in soils and sediments. It may also be useful to re-
searchers measuring non-structural carbohydrates (NSC) in plant tis-
sues, or pg/mL-scale polysaccharides in any other cells or tissues.
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Fig. 1. Comparison of glucose standard curves from four phenol-acid assays: the original (DuBois et al., 1956, final reaction volume = 7.05 mL), an optimized
version (Taylor, 1995, final reaction volume = 4.05 mL), an optimized microscale version (Rasouli et al., 2014, final reaction volume = 0.7 mL), and the version
presented here (all datapoints shown in Supplementary Fig. 1, final reaction volume = 0.7 mL). Modified assay is more sensitive, with a lower detection limit, than
previous microscale methods. Data extracted and reproduced from figures in manuscripts using R packages magick() and tcltk().
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Fig. 3. Linear regression of total extracted extracellular polysaccharide vs.
precipitated extracellular polysaccharide with 95 % confidence interval,
extracted from soil in pots of corn (Z. mays) at the conclusion of a greenhouse
drought stress experiment. Fg = 349, P = 7.0 * 10~%, r? = 0.97. Precipitate EPS
= 14.0 + 0.616(Extract EPS).
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