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Abstract 
Background and aims The bicinchoninic acid 
(BCA) method was not yet applied on soil extracts of 
extracellular polymeric substances (EPS) to quantify 
polysaccharides, although this might be possible by 
introducing a cleavage step to produce monosaccha-
rides. A pre-extraction with  CaCl2 to remove interfer-
ing substances is usually performed before extracting 
EPS. The main objective of this study was to opti-
mize the BCA assay for total carbohydrates quan-
tification by applying a hydrolysis step to the EPS 
extracts, while also testing carbohydrate contents of 
 CaCl2 pre-extracts.
Methods Total carbohydrates were quantified with 
BCA in EPS extracts of three soils, after hydroly-
sis with  H2SO4, using two acid concentrations (0.75 
and 1.0 M), three hydrolysis temperatures (100, 120 
and 130  °C), and five hydrolysis times (10, 30, 50, 
70, and 90 min). EPS were extracted with the cation 
exchange resin (CER) method adapted to soils. Two 

versions of pre-extraction with  CaCl2 were tested 
twice consecutively.
Results More carbohydrates were measured after 
hydrolysis with 0.75 M  H2SO4 at below 100 °C and 
after 10 min for all soils. Decreasing values were seen 
after longer reaction times and higher temperatures. 
 CaCl2 extracted no or negligible amounts of carbohy-
drates from the soil.
Conclusion The pre-extraction step can be done 
without in most cases. The BCA assay is free of 
toxicity and easily performed, while also tolerant to 
interferences from most compounds in EPS extracts. 
These characteristics highlight the potential of this 
method for a rapid quantification of carbohydrates in 
studies of extractable polymers in several areas of soil 
biogeochemistry.

Keywords Bicinchoninic acid · BCA · 
Carbohydrates · Polysaccharides · Extracellular 
polymeric substances · EPS

Introduction

Extracellular polymeric substances (EPS) are an 
important component of microbial residues that embed 
microorganisms (Wingender et  al. 1999). They can 
improve soil aggregate stability (Cania et  al. 2020; 
Chenu and Plante 2006; Guhra et  al. 2022) and pro-
tect microbial cells and extracellular enzymes against 
drought (Bhattacharjee et  al. 2020; Kakumanu et  al. 
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2013, 2019). EPS can also trap and store nutrients 
(Costa et al. 2018; Flemming and Wingender 2010; Or 
et al. 2007).

The presence of EPS in soils is usually investi-
gated by quantification of their components, i.e., 
polysaccharides (Costa et  al. 2018), after extrac-
tion. Currently, a variety of methods are available for 
such quantifications. The bicinchoninic acid (BCA) 
method has been extensively used for total carbohy-
drate quantification in a wide range of areas, from 
automated high-performance liquid chromatogra-
phy (Joergensen and Meyer 1990; Mopper and Gin-
dler 1973; Sinner and Puls 1978) to manual spectro-
photometry (Arnal et  al. 2017; Hussain et  al. 2003; 
McFeeters 1980; Nadour et  al. 2015; Utsumi et  al. 
2009; Waffenschmidt and Jaenicke 1987). The reac-
tion of  Cu2+ with reducing sugars of mono- and oli-
gosaccharides, and the consequent chelation of the 
reduced  Cu+ with BCA produces a purple colour 
(Mopper and Gindler 1973; Sinner and Puls 1978), 
which can be read colorimetrically at an absorbance 
of 562 nm, similarly to protein assays (Huang et  al. 
2010). The BCA assay has been used to quantify 
carbohydrates in litter (Joergensen and Meyer 1990; 
Khan et  al. 2012; Rottmann et  al. 2011), in  K2SO4 
soil extracts Joergensen et al. 1990, 1994), but also in 
the soil microbial biomass (Joergensen et al. 1996).

However, the BCA assay does not appear to have 
been applied to soil EPS extracts to date. Since pol-
ysaccharides mostly do not exhibit reducing ends 
(BeMiller 2019), using the BCA assay to quantify 
total carbohydrates in EPS extracts might require the 
addition of a hydrolysis step. In cellulose and hemi-
cellulose extracts from litter, hydrolysis has already 
been applied as an additional step before the BCA 
method (Rottmann et  al. 2011). The frequently used 
phenol sulphuric method (DuBois et al. 1956) applies 
a concentrated sulphuric acid to break down poly-
saccharides, oligosaccharides and disaccharides to 
monosaccharides, before they can react with phe-
nol to produce colour (Nielsen 2010). This method, 

however, has been shown to suffer interference from 
glycoproteins (DuBois et  al. 1956) and phenol is 
known to be highly toxic and carcinogenic (Velama-
kanni et  al. 2021). The high sensitivity of the BCA 
assay for reducing ends and its higher tolerance to 
interference from most compounds (Walker 1996) 
highlight its advantages. The optimization of condi-
tions for the application of the BCA assay on EPS 
extracts has the potential to yield reliable and consist-
ent values from EPS extracts free of toxicity.

The main objective of the present work is to opti-
mize the BCA assay for quantification of total carbo-
hydrates in EPS extracts after introducing a hydroly-
sis step. We investigate carbohydrates present in the 
EPS extracts of three distinct soils to cover a range 
of EPS carbohydrate contents, after hydrolysis with 
sulphuric acid  (H2SO4), using two different acid con-
centrations, three hydrolysis temperatures, and five 
hydrolysis times. Another objective was to check the 
carbohydrate and SOM content in the 0.01 M  CaCl2 
pre-extract of the current three soils. This pre-extrac-
tion is usually conducted as a mean to reduce inter-
fering effects of extractable non-EPS SOM (Bérard 
et al. 2020; Redmile-Gordon et al. 2014; Zhang et al. 
2023), although it is not always performed (Sher et al. 
2020).

Materials and methods

Soils

Three arable soils under conventional winter rye 
cultivation were sampled at 0–20  cm depth in 
March 2022. Soil 1 was sampled at Herberhausen 
(51°32′47.3”N 9°59′49.3″E) and soil 2 at Gleichen 
(51°27′43.9”N 9°58′59.0″E), both near Göttingen, 
Lower Saxony, Germany. Soil 3 was sampled at Neu 
Eichenberg (51°22′35.0”N 9°53′52.0″E), Hessia, 
Germany (Table 1). Soil 1 was a Cambisol developed 
from Loess, soil 2 was a Eutric Cambisol developed 

Table 1  Information on 
sampling sites, soil type and 
average soil organic carbon 
(SOC), total nitrogen (N) 
and extracellular polymeric 
substances (EPS) protein 
content

No. Soil type pH SOC Total N EPS-proteins
(H2O) (mg  g−1 soil) (μg  g−1 soil)

1 Cambisol (Loess) 6,22 19.7 1.95 122
2 Cambisol (New Red Sandstone) 7,46 13.3 1.29 42
3 Stagnic Luvisol (Loess) 7,44 13.7 1.31 60
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from New Red Sandstone, and soil 3 was a Stagnic 
Luvisol again developed from Loess according to 
the WRB-FAO classification system (IUSS Working 
Group WRB 2022). All field moist soils were sieved 
(< 2 mm) and stored at 4 °C. Soil samples were ana-
lysed for total C and N, using a Vario MAX (Elemen-
tar, Hanau, Germany) elemental analyzer after being 
dried for 24 h at 105 °C and ball milled. Soil organic 
C (SOC) was determined as total C minus carbonate 
C, which was gas-volumetrically determined after 
the addition of 10% HCl to the soil using a Scheibler 
apparatus (Blume et al. 2011). Soil pH was measured 
potentiometrically using a soil to water ratio of 1 to 
2.5 (w/v).

Pre-extraction

In their original method description, Redmile-Gordon 
et  al. (2014) suggested an initial pre-extraction with 
0.01 M  CaCl2 to reduce interfering effects of extract-
able non-EPS SOM. To check the relevance of this 
step for the current soils, this pre-extraction was per-
formed twice consecutively in two different versions: 
(I) Following the original method proposed by Red-
mile-Gordon et  al. (2014), three replicates of 2.5  g 
(on an oven-dry basis) moist soil were extracted with 
25 ml 0.01 M  CaCl2.at 120 rev  min−1 for 30 min at 
4  °C in the dark. The soil slurry was centrifuged at 
4000 g for 10 min and the supernatant was decanted. 
To examine the effect of multiple extractions, we 
added a step to the method, wherethe remaining soil 
was extracted again with 25  ml 0.01  M  CaCl2 and 
centrifuged. (II) To increase the yield of extractable 
SOM, the shaking force was increased to 200 rev 
 min−1 and the temperature from 4 °C to room temper-
ature. Organic C was determined immediately after 
both tests using a Multi N/C 2100S analyser (Analy-
tik Jena, Germany). Carbohydrates were measured as 
described below with and without the final hydrolysis 
step the next day after storage at 4 °C.

EPS extraction

EPS extraction followed the cation exchange resin 
(CER) method by Frølund et  al. (1996), adapted to 
soils by Redmile-Gordon et al. (2014), except that no 
pre-extraction with  CaCl2 was performed.

For extracting EPS, first CER (Dowex ‘Mara-
thon C’ Na form, strongly acidic, 20–50 mesh) 

was washed with phosphate buffered saline (PBS) 
solution (2  mM  Na3PO4· × 12  H2O [0.760  g   L−1], 
4  mM  NaH2PO4· ×  H2O, [0.552  g   L−1], 9  mM NaCl 
[0.526 g   L−1], 1 mM KCl [0.0746 g   L−1]) for 1 h at 
4  °C in the dark. Three replicates of each field-moist 
soil, equivalent to 2.5 g dry weight, were weighed into 
centrifuge tubes, washed CER was added together with 
25  ml chilled PBS and tubes were shaken for 2  h at 
120 rev  min−1 in the dark. The amount of CER used 
for each soil was calculated based on the soil organic 
carbon (SOC) content according to Redmile-Gordon 
et  al. (2014), i.e. 177.8 g CER  g−1 SOC. After shak-
ing, tubes were centrifuged at 4200 g for 20 min and 
supernatant containing EPS was frozen at −20 °C. A 
temperature of 4  °C was maintained throughout the 
extraction process.

EPS-proteins were estimated using a modified 
Lowry assay (Lowry et  al. 1951) adapted to soil 
extracts for evading potentially confounding poly-
phenolic compounds (Redmile-Gordon et  al. 2013, 
2020). Protein was colourimetrically quantified on a 
microplate reader (FLUOstar Omega, BMG Labtech, 
Ortenberg, Germany).

EPS polysaccharide hydrolysis was performed 
by adding  H2SO4 to EPS extracts in reagent tubes, 
tightly closed to avoid evaporation and placed in 
an autoclave. The autoclave was chosen for the test 
because of its high temperature capacity. A reflux 
system might also be used for hydrolysis. Two differ-
ent final  H2SO4 concentrations were evaluated (0.75 
and 1.0  M), together with three temperatures (100, 
120 and 130 °C), and five durations (10, 30, 50, 70, 
and 90 min.). A final 0.75 M acid concentration was 
achieved by adding one ml 1.5 M  H2SO4 to one ml 
EPS extract, whereas 1 M acid concentration was pre-
pared adding 0.75 ml  H2SO4 to 1.25 ml EPS extract. 
The EPS extract from each soil was examined in trip-
licate, resulting in nine samples for each acid concen-
tration, and this was repeated for each temperature 
level and hydrolysis time, yielding a total of 270 sam-
ples. Total carbohydrates were determined according 
to Mopper and Gindler (1973), adapted by Joergensen 
et al. (1996), by the reduction of  Cu2+ to  Cu+ in the 
ends of mono- and disaccharides. The BCA reagent 
was prepared by combining 50 ml of an aqueous solu-
tion of 4%  Na2CO3, 4%  (NaPO3)6 and 0.2% aspartic 
acid with 6 ml of a 4% bicinchoninic acid disodium 
salt solution and 0.9  ml of a 4%  CuSO4 solution. 
D(+)-glucose was used as standard. Hydrolysed 
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extracts were then neutralized by adding 0.3 ml 5 M 
NaOH  ml−1 hydrolysate for extracts with a 0.75  M 
final  H2SO4 concentration, and 0.4  ml 5  M NaOH 
 ml−1 hydrolysate for extracts with a 1.0  M final 
 H2SO4 concentration. Carbohydrates were quantified 
by adding 2  ml BCA reagent to 0.5  ml neutralized 
hydrolysates in a test tube, placing it into a heating 
cabinet at 60 °C for 120 min and reading it colouri-
metrically at 562 nm, using a microplate reader.

Statistical analysis

Data were evaluated using R version 4.3.1 (R Core 
Team 2023). Mean values of EPS-carbohydrate con-
tents were examined using a two-factor ANOVA for 
the effect of soil, acid concentration, temperature, and 
hydrolysis time on the data, followed by the Tukey 
HSD (honestly significant difference) post-hoc test 
to check differences between groups. Variance and 
homogeneity were checked using a Levene’s test, and 
the normal distribution of the residuals was checked 
with a Shapiro-Wilk-test. To check for a possible 
random effect of soil, a mixed linear model was per-
formed using the “lme4” package in R, with restricted 
maximum likelihood (REML), using hydrolysis time, 
temperature and acid concentration as fixed effects, 
and soil as random variable. Significance of fixed 
effects was verified using the Kenward-Roger approx-
imation for degrees of freedom (Kenward and Roger 
1997). Total SOC and carbohydrates in pre-extracts 
were analysed with a one-way ANOVA, using soil as 
factor and extraction version as repeated measures.

Results

Pre-extraction

No organic C or total carbohydrates were observed 
in the pre-extracts of version I (the method origi-
nally proposed by Redmile-Gordon et  al. (2014)) at 
both steps (Table 2), indicating that carbohydrates in 
the extracts were below the limit of detection (LOD, 
0.15  μg carbohydrates  ml−1 extract). Version II, 
applying higher shaking force, rendered an average 
of 8.5 μg organic C  g−1 soil extractable with 0.01 M 
 CaCl2 in the pre-extracts of the first step. This mean 
was reduced by 50% in the pre-extracts of the sec-
ond step. In contrast, extractable carbohydrates using 

version II, varied around a mean of 0.30 μg   g−1 soil 
without any effect of soil and pre-extraction step 
(Table  2). A 10  min hydrolysis of the extract with 
0.75 M  H2SO4 at 100 °C did not increase the carbo-
hydrate content (results not shown).

EPS extracts

Loess-originated soils 1 and 3 had significantly 
greater carbohydrate yields than sand-originated soil 
2 (Table 3), which was in accordance with the higher 
mean protein content (Table 1). ANOVA results show 
a non-significant effect of acid concentration on car-
bohydrates, but the mixed linear model shows a signif-
icant effect, highlighting the random effect of soil type 
(Table 3). Temperature and hydrolysis time presented 
significant effects on carbohydrates in both statistical 
tests. There were no significant interactions between 
soil type and the abovementioned parameters. Greater 
carbohydrate values are visible after hydrolysis with 
0.75 M  H2SO4 (Fig. 1a), under 100 °C (Fig. 1b) and 
after 10 min (Fig. 1c) for all soils. The hydrolysis time 

Table 2  Results from tests version I and II: Extractable SOC 
and total carbohydrates in two consecutive extractions with 
0.01 M  CaCl2; probability values of a one-way ANOVA, using 
soil as factor and extraction as repeated measures

CV mean coefficient of variation between replicates (n = 3); 
different letters within a column indicate an extraction-specific 
significant difference (P < 0.05; Tukey-HSD)

Organic C Total carbohydrates

Version I Version II Version I Version II

(μg  g−1 soil)

Extraction 1
  Soil 1 0 9.4 a 0 0.35
  Soil 2 0 7.0 b 0 0.28
  Soil 3 0 9.0 a 0 0.35

Extraction 2
  Soil 1 0 5.0 a 0 0.44
  Soil 2 0 2.8 b 0 0.25
  Soil 3 0 2.8 b 0 0.19

Probability 
values
  Soil – 0.01 – NS
  Extraction – <0.01 – NS
  Extraction × 

soil
– NS – NS

  CV (± %) – 13 – 24
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× temperature as well as acid concentration × temper-
ature interactions were both significant (Table 3). Car-
bohydrates hydrolysed at 120 °C and 130 °C already 
reached their maximum value after 10  min, whereas 
maximum carbohydrate values occurred after 50 min 
when hydrolysing at 100 °C (Fig. 2).

Discussion

Pre-extraction

The current three arable soils contained negligible 
amounts of extractable SOM and carbohydrates that 
might interfere with the CER method for extracting 
soil microbial EPS. The organic compounds observed 
in pre-extracts (Zhang et  al. 2023) have sometimes 

been named soluble microbial products (Wang et al. 
2019) or loosely bound EPS (Bérard et  al. 2020). 
However, this is misleading as soil extracts always 
contain soluble SOM from various origins, includ-
ing non-EPS, non-microbial residues, and a range of 
other compounds (Zhang et al. 2023) even after one 
pre-extraction. In soils, the extractable fraction sim-
ply reflects the cation- and anion-specific equilibrium 
between the liquid and solid phase of SOM (Joer-
gensen 1995a, b; van Erp et al. 1998), which slowly 
declines only after repeated extraction steps (Mueller 
et al. 1992), as also demonstrated for the current soils.

The omission of the pre-extraction step in low-
organic matter soils facilitates the use of the EPS-
extraction method proposed by Redmile-Gordon et al. 
(2014). However, this might be different in experi-
ments where easily decomposable material has been 
added, such as glycerol (Redmile-Gordon et al. 2014) 
or bio-diesel coproducts (Redmile-Gordon et  al. 
2015). The same should be true for high-organic mat-
ter soils, developed on peat or forest land (Wang et al. 
2019).

EPS extracts

Carbohydrate yields in the current study were closely 
connected to the soil origin, whereas the influence 
of hydrolysis parameters is applicable to all soils in 
a similar trend. In other words, temperature, time, 
and acid concentration affected all soils equally. Our 
results indicate that hydrolysing carbohydrates with 
0.75  M  H2SO4 resulted in a generally higher carbo-
hydrate yield than with 1.0  M (Fig.  1). Mild sugar 
hydrolysis (0.5–1.0 M  H2SO4) without pre-treatment 
has already been successfully performed in soil 
(Cheshire and Mundie 1966) and marine particulate 
organic matter (Hanisch et  al. 1996; Mopper 1977; 
Tanoue and Handa 1987), with 1.0 M being reported 
as the best concentration, also when compared to 
other acids (Mopper 1977).

Carbohydrates in soil are known to show resist-
ance to hydrolysis due to polysaccharide bonding to 
soil components and trace metals like iron and cop-
per, resulting in aggregation and salt formation (Mar-
tin 1971; Martin et  al. 1972; Parfitt and Greenland 
1970), whereas such conditions do not apply in liq-
uid EPS extracts. Melton et al. (1976) performed par-
tial hydrolysis of industrial EPS from Xanthomonas 
campestris using 0.5  M  H2SO4, whereas Goo et  al. 

Table 3  Mean EPS-carbohydrates; probability values of two-
way ANOVAs using soil and acid concentration, soil and tem-
perature, or soil and hydrolysis time as factors, and a mixed 
linear model using soil as random variable

CV mean coefficient of variation between replicates (n = 3); let-
ters represent differences between soils (P < 0.05, Tukey HSD)

EPS-carbohydrates
(μg  g−1 soil)

Soil 1 398 a
Soil 2 239 c
Soil 3 264 b
Probability values of three two-way 

ANOVAs
  Soil <0.01
  Acid concentration NS
  Soil × acid concentration NS
  Soil <0.01
  Temperature <0.01
  Soil × temperature NS
  Soil <0.01
  Hydrolysis time <0.01
  Soil × hydrolysis time NS

Probability values of mixed linear model
  Acid concentration <0.01
  Temperature <0.01
  Hydrolysis time <0.01
  Hydrolysis time × acid concentration NS
  Hydrolysis time × temperature <0.01
  Acid concentration × temperature <0.01
  CV (± %) 5.0
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Fig. 1  EPS-carbohydrates 
in three soils (a) after 
hydrolysis with 0.75 M 
and 1.0 M  H2SO4 (error 
bars represent one standard 
error (SE), n = 45), (b) after 
hydrolysis at 100, 120, and 
130 °C (error bars represent 
one SE, n = 30), and (c) 
after a hydrolysis time of 
10, 30, 50, 70 and 90 min 
(error bars represent one 
SE, n = 18)
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(2013) used 0.5–1.5%  H2SO4 solutions for hydrolysis 
of dry EPS.

Polysaccharide hydrolysis in aqueous EPS 
extracts are not common, except when the cleavage 
of glycosidic bonds of polysaccharides is already 
included in EPS-carbohydrates quantification meth-
ods, such as the phenol-sulphuric acid method 
(DuBois et  al. 1956). This method, however, was 
found to overestimate EPS-carbohydrate quantities, 
since it presents variable absorbances to different 
sugar structures, and therefore is not suitable for 
complex samples (Pierce and Nerland 1988). The 
use of 0.75  M  H2SO4 in EPS extracts might avoid 
overestimation and prevent unnecessary sugar deg-
radation if, otherwise, a more concentrated acid 
were be used (Josefsson 1970).

Carbohydrate yield in the present study was found 
to be generally highest when hydrolysing extracts 
at 100  °C. Hydrolysis temperatures of 100  °C with 
 H2SO4 are widely reported for detecting carbohy-
drates in marine particular organic matter (POM) 
(Hedges et al. 1994; Sigleo 1996; Tanoue and Handa 
1987), marine dissolved organic matter (Cauwet et al. 
2002; Kirchman et  al. 2001; Mopper 1977; Sweet 
and Perdue 1982), marine extracellular polymer par-
ticles (Mopper et  al. 1995; Zhou et  al. 1998), and 
soil (Cheshire and Mundie 1966). The application of 
higher temperatures and acid concentrations on poly-
saccharides may not only hydrolyse, but may further 

degrade their monosaccharides into furan derivatives, 
leading to inaccurate underestimation of carbohy-
drates (Antonetti et  al. 2016; Bajpai 2018; Li et  al. 
2007).

A detailed temperature × time analysis showed that 
50 min would be the most suitable hydrolysis time at 
100 °C, however, with small differences compared to 
10 and 30  min. The absence of an increasing trend 
visible over time indicates that the peak at 50  min 
may be caused by the natural variability between 
soils. Acid hydrolysis comes with intrinsic side reac-
tions and mass losses are always prone to occur, so 
hydrolysis conditions need to be selected carefully 
(Uçar and Balaban 2003). When looking at the gen-
eral data (Fig. 2c), lower carbohydrate yields are visi-
ble after longer periods of hydrolysis. This might be a 
consequence of degradation processes from the heat-
ing times (Teh et al. 2017), decreasing the amount of 
reducing sugars and increasing that of by-products.

Hang et al. (2020), when using  H2SO4 on EPS of 
Ophiocordyceps sinensis, employed a reaction time of 
2 h at 55 °C, using concentrated sulphuric acid, while 
Yan et al. (2010) hydrolysed EPS from the same fun-
gus for 8 h at 100 °C using 2.0 M  H2SO4. Both quan-
tified monosaccharide constituents by gas-chromatog-
raphy and the results showed mannose, galactose and 
glucose as the three main monomers in EPS extracts, 
similarly to other findings (Soltani et al. 2013; Zhang 
et al. 2011).

Fig. 2  EPS-carbohydrates 
at three temperatures after 
a hydrolysis time of 10, 30, 
50, 70, and 90 min (error 
bars represent one SE, 
n = 18)
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The reaction time and acid concentration selected 
vary greatly among authors. The traditional col-
ourimetric method of DuBois et al. (1956) also uses 
concentrated acid (95.5%), resulting in a final con-
centration in sample of approximately 7.0 M. In this 
method, however, the objective is to obtain furfural 
derivatives, resulting from a further monosaccha-
ride degradation, which then form yellow-coloured 
complexes when in contact with phenol (Kurzyna-
Szklarek et al. 2022). Such derivatives are of no use 
when in contact with bicinchoninic acid, so a reaction 
of this magnitude is not needed in the current assay.

It is important to note that the BCA method for 
carbohydrate quantification might present some back-
ground information in the measurements due to the 
interference from other reducing substances such as 
proteins, which are also commonly quantified using 
BCA (Eklöf et  al. 2012). A detailed compositional 
analysis employing more specific methods, as in 
high-performance liquid chromatography might be 
necessary to determine the degree of overestimation 
in such samples. Utilizing the same EPS extraction 
method, coupled with the phenol-sulphuric technique, 
Redmile-Gordon et al. (2020) reported an average of 
376 μg   g−1 soil for an arable land with high silt and 
clay content, similar to the currently analysed soil 1, 
with 398  μg   g−1 EPS carbohydrates, and, in another 
study, showed a mean of 401  μg carbohydrates  g−1 
soil for grasslands with high SOC content (Redmile-
Gordon et  al. 2014). Similar studies on agricultural 
soils are not frequent, and isolated EPS are often 
applied to soils for the beneficial effects of such sub-
stances instead of field characterizations. The present 
paper represents a relevant attempt at simplifying field 
analysis for the detection of the reaction of EPS to 
environmental conditions.

Conclusion

The low carbohydrate contents obtained after pre-
extraction with 0.01  M  CaCl2 indicate that this step 
can be done without in most cases. Carbohydrate 
hydrolysis at 100 °C for 10 min using a final  H2SO4 
concentration in extract produced optimal carbohy-
drate yield, with decreasing amounts after longer reac-
tion times and higher temperatures. The BCA assay 
is easy to perform, non-toxic, sensitive, and tolerant 
to interferences from most compounds. The ability 

to rapidly quantify carbohydrates in EPS extracts has 
ample potential for improving and simplifying pro-
cesses in studies of extractable polymers in several 
areas of soil biogeochemistry.

Acknowledgements We are very grateful to Gabrielle Dor-
mann and to all student assistants, who did a great job in help-
ing to conduct the experiments. We would also like to thank 
Marc Redmile-Gordon for the intensive discussions on the 
topic.

Funding Open Access funding enabled and organized by 
Projekt DEAL. This research was funded through the 2019-
2020 BiodivERsA joint call for research proposals, under 
the BiodivClim ERA-Net COFUND programme, and with 
the funding organisations Federal Ministry of Education and 
Research BMBF (16LC2023A), Swiss National Science Foun-
dation SNSF (31BD30_193666), Agencia Estatal de Investiga-
cion AEI (SPCI202000X120679IV0), Agence nationale de la 
recherche ANR (ANR-20-EBI5-0006), and General Secretariat 
for Research and Innovation GSRI (TBD).

Declarations 

Conflict of interest The authors declare no conflicts of 
interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

 References

Antonetti C, Licursi D, Fulignati S, Valentini G, Raspolli GA 
(2016) New frontiers in the catalytic synthesis of levulinic 
acid: from sugars to raw and waste biomass as starting 
feedstock. Catalysts 6:196. https:// doi. org/ 10. 3390/ catal 
61201 96

Arnal G, Attia MA, Asohan J, Brumer H (2017) A low-volume, 
parallel copper-bicinchoninic acid (BCA) assay for glycoside 
hydrolases. In: Abbott D, Lammerts van Bueren A (eds) Pro-
tein-carbohydrate interactions. Humana Press, New York, pp 
3–14. https:// doi. org/ 10. 1007/ 978-1- 4939- 6899-2_1

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal6120196
https://doi.org/10.3390/catal6120196
https://doi.org/10.1007/978-1-4939-6899-2_1


707Plant Soil (2024) 498:699–709 

1 3
Vol.: (0123456789)

Bajpai P (ed) (2018) Biermann’s handbook of pulp and paper. 
Volume 2, paper and board making, 3rd edn. Amsterdam, 
Elsevier

BeMiller JN (ed) (2019) Carbohydrate chemistry for food sci-
entists, 3rd edn. WP, AACC International Press, Elsevier, 
London

Bérard A, Clavel T, Le Bourvellec C, Davoine A, Le Gall S, 
Doussan C, Bureau S (2020) Exopolysaccharides in the 
rhizosphere: a comparative study of extraction methods. 
Application to their quantification in Mediterranean soils. 
Soil Biol Biochem 149:107961. https:// doi. org/ 10. 1016/j. 
soilb io. 2020. 107961

Bhattacharjee A, Thompson AM, Schwarz KC, Burnet MC, 
Kim YM, Nunez JR, Fansler SJ, Farris Y, Brislawn CJ, 
Metz TO, McClure RS, Renslow RS, Shor L, Jansson JK, 
Hofmockel KS, Anderton CR (2020) Soil microbial EPS 
resiliency is influenced by carbon source accessibility. 
Soil Biol Biochem 151:108037. https:// doi. org/ 10. 1016/j. 
soilb io. 2020. 108037

Blume HP, Stahr K, Leinweber P (2011) Bodenkundliches 
Praktikum. Spektrum Akademischer Verlag, Heidelberg

Cania B, Vestergaard G, Suhadolc M, Mihelič R, Krauss M, 
Fliessbach A, Mäder P, Szumelda A, Schloter M, Schulz 
S (2020) Site-specific conditions change the response of 
bacterial producers of soil structure-stabilizing agents 
such as exopolysaccharides and lipopolysaccharides to 
tillage intensity. Front Microb 11:568. https:// doi. org/ 
10. 3389/ fmicb. 2020. 00568

Cauwet G, Déliat G, Krastev A, Shtereva G, Becquevort S, 
Lancelot C, Momzikoff A, Saliot A, Cociasu A, Popa L 
(2002) Seasonal DOC accumulation in the Black Sea: a 
regional explanation for a general mechanism. Marine 
Chem 79:193–205. https:// doi. org/ 10. 1016/ S0304- 4203(02) 
00064-6

Chenu C, Plante AF (2006) Clay-sized organo-mineral com-
plexes in a cultivation chronosequence: revisiting the 
concept of the ‘primary organo-mineral complex’. Eur J 
Soil Sci 57:596–607. https:// doi. org/ 10. 1111/j. 1365- 2389. 
2006. 00834.x

Cheshire MV, Mundie CM (1966) The hydrolytic extraction 
of carbohydrates from soil by sulphuric acid. J Soil Sci 
17:372–381. https:// doi. org/ 10. 1111/j. 1365- 2389. 1966. 
tb014 80.x

Costa OYA, Raaijmakers JM, Kuramae EE (2018) Microbial 
extracellular polymeric substances: ecological function 
and impact on soil aggregation. Front Microbiol 9:1636. 
https:// doi. org/ 10. 3389/ fmicb. 2018. 01636

DuBois M, Gilles KA, Hamilton JK, Rebers PA, Smith F 
(1956) Colorimetric method for determination of sugars 
and related substances. Anal Chem 28:350–356. https:// 
doi. org/ 10. 1021/ ac601 11a017

Eklöf JM, Ruda MC, Brumer H (2012) Distinguishing xylo-
glucanase activity in endo-β (1→ 4) glucanases. In: Gil-
bert H (ed) Methods in enzymology. Academic Press. 
https:// doi. org/ 10. 1016/ b978-0- 12- 415931- 0. 00006-9

Flemming HC, Wingender J (2010) The biofilm matrix. Nat 
Rev Microbiol 8:623–633. https:// doi. org/ 10. 1038/ nrmic 
ro2415

Frølund B, Palmgren R, Keiding K, Nielsen PH (1996) Extrac-
tion of extracellular polymers from activated sludge using 

a cation exchange resin. Water Res 30:1749–1758. https:// 
doi. org/ 10. 1016/ 0043- 1354(95) 00323-1

Goo BG, Baek G, Choi DJ, Park Y II, Synytsya A, Bleha R, 
Seong DH, Lee CG, Park JK (2013) Characterization 
of a renewable extracellular polysaccharide from defat-
ted microalgae Dunaliella tertiolecta. Bioresour Technol 
129:343–350. https:// doi. org/ 10. 1016/j. biort ech. 2012. 11. 
077

Guhra T, Stolze K, Totsche KU (2022) Pathways of biogeni-
cally excreted organic matter into soil aggregates. Soil 
Biol Biochem 164:108483. https:// doi. org/ 10. 1016/j. 
soilb io. 2021. 108483

Hang LTT, Chau HB, Nam TVH, Phu DH, Hiep DM, Thang 
NT (2020) A survey on acid hydrolysis in analyzing the 
monosaccharide composition of exopolysaccharide from 
Ophiocordyceps sinensis. Int J Agric Technol 16:619–628

Hanisch K, Schweitzer B, Simon M (1996) Use of dissolved 
carbohydrates by planktonic bacteria in a mesotrophic 
lake. Microbial Ecol 31:41–55. https:// doi. org/ 10. 1007/ 
BF001 75074

Hedges JI, Cowie GL, Richey JE, Quay PD, Benner R, Strom 
M, Forsberg BR (1994) Origins and processing of organic 
matter in the Amazon River as indicated by carbohydrates 
and amino acids. Limnol Oceanogr 39:743–761. https:// 
doi. org/ 10. 4319/ lo. 1994. 39.4. 0743

Huang T, Long M, Huo B (2010) Competitive binding to 
cuprous ions of protein and BCA in the bicinchoninic acid 
protein assay. Open Biomed Eng J 4:271–278. https:// doi. 
org/ 10. 2174/ 18741 20701 00401 0271

Hussain H, Mant A, Seale R, Zeeman S, Hinchliffe E, Edwards 
A, Hylton C, Bornemann S, Smith AM, Martin C, Bustos 
R (2003) Three isoforms of isoamylase contribute differ-
ent catalytic properties for the debranching of potato glu-
cans. Plant Cell 15:133–149. https:// doi. org/ 10. 1105/ tpc. 
006635

IUSS Working Group WRB (2022) World reference base for 
soil resources. International soil classification system for 
naming soils and creating legends for soil maps, 4th edn. 
International Union of Soil Sciences (IUSS), Vienna

Joergensen RG (1995a) The fumigation-extraction method to 
estimate soil microbial biomass: extraction with 0.01 M 
 CaCl2. Agribiol Res 48:319–324

Joergensen RG (1995b) Die quantitative Bestimmung der mik-
robiellen Biomasse in Böden mit der Chloroform-Fumi-
gations-Extraktions-Methode. Göttinger Bodenkundl Ber 
104:1–229

Joergensen RG, Meyer B (1990) Chemical change in organic 
matter decomposing in and on a forest Rendzina under 
beech (Fagus sylvatica L.). J Soil Sci 41:17–27. https:// 
doi. org/ 10. 1111/j. 1365- 2389. 1990. tb000 41.x

Joergensen RG, Brookes PC, Jenkinson DS (1990) Survival of 
the soil microbial biomass at elevated temperatures. Soil 
Biol Biochem 22:1129–1136. https:// doi. org/ 10. 1016/ 
0038- 0717(90) 90039-3

Joergensen RG, Meyer B, Mueller T (1994) Time-course of 
the soil microbial biomass under wheat: a one-year field 
study. Soil Biol Biochem 26:987–994. https:// doi. org/ 10. 
1016/ 0038- 0717(94) 90113-9

Joergensen RG, Mueller T, Wolters V (1996) Total carbohy-
drates of the soil microbial biomass in 0.5 M  K2SO4 soil 

https://doi.org/10.1016/j.soilbio.2020.107961
https://doi.org/10.1016/j.soilbio.2020.107961
https://doi.org/10.1016/j.soilbio.2020.108037
https://doi.org/10.1016/j.soilbio.2020.108037
https://doi.org/10.3389/fmicb.2020.00568
https://doi.org/10.3389/fmicb.2020.00568
https://doi.org/10.1016/S0304-4203(02)00064-6
https://doi.org/10.1016/S0304-4203(02)00064-6
https://doi.org/10.1111/j.1365-2389.2006.00834.x
https://doi.org/10.1111/j.1365-2389.2006.00834.x
https://doi.org/10.1111/j.1365-2389.1966.tb01480.x
https://doi.org/10.1111/j.1365-2389.1966.tb01480.x
https://doi.org/10.3389/fmicb.2018.01636
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1016/b978-0-12-415931-0.00006-9
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1016/0043-1354(95)00323-1
https://doi.org/10.1016/0043-1354(95)00323-1
https://doi.org/10.1016/j.biortech.2012.11.077
https://doi.org/10.1016/j.biortech.2012.11.077
https://doi.org/10.1016/j.soilbio.2021.108483
https://doi.org/10.1016/j.soilbio.2021.108483
https://doi.org/10.1007/BF00175074
https://doi.org/10.1007/BF00175074
https://doi.org/10.4319/lo.1994.39.4.0743
https://doi.org/10.4319/lo.1994.39.4.0743
https://doi.org/10.2174/1874120701004010271
https://doi.org/10.2174/1874120701004010271
https://doi.org/10.1105/tpc.006635
https://doi.org/10.1105/tpc.006635
https://doi.org/10.1111/j.1365-2389.1990.tb00041.x
https://doi.org/10.1111/j.1365-2389.1990.tb00041.x
https://doi.org/10.1016/0038-0717(90)90039-3
https://doi.org/10.1016/0038-0717(90)90039-3
https://doi.org/10.1016/0038-0717(94)90113-9
https://doi.org/10.1016/0038-0717(94)90113-9


708 Plant Soil (2024) 498:699–709

1 3
Vol:. (1234567890)

extracts. Soil Biol Biochem 28:1147–1153. https:// doi. 
org/ 10. 1016/ 0038- 0717(96) 00111-3

Josefsson BO (1970) Determination of soluble carbohydrates in 
sea water by partition chromatography after desalting by 
ion-exchange membrane electrodialysis. Anal Chim Acta 
52:65–73. https:// doi. org/ 10. 1016/ S0003- 2670(01) 80042-8

Kakumanu ML, Cantrell CL, Williams MA (2013) Microbial 
community response to varying magnitudes of desiccation 
in soil: a test of the osmolyte accumulation hypothesis. 
Soil Biol Biochem 57:644–653. https:// doi. org/ 10. 1016/j. 
soilb io. 2012. 08. 014

Kakumanu ML, Ma L, Williams MA (2019) Drought-
induced soil microbial amino acid and polysaccharide 
change and their implications for CN cycles in a climate 
change world. Sci Rep 9:1–12. https:// doi. org/ 10. 1038/ 
s41598- 019- 46984-1

Kenward MG, Roger JH (1997) Small sample inference for 
fixed effects from restricted maximum likelihood. Biomet-
rics 53:983. https:// doi. org/ 10. 2307/ 25335 58

Khan KS, Castillo X, Wichern F, Dyckmans J, Joergensen RG 
(2012) Interactions of mustard plants and soil microorganisms 
after application of sugarcane filter cake and pea residues to 
an andosol. J Plant Nutr Soil Sci 175:931–938. https:// doi. org/ 
10. 1002/ jpln. 20110 0388

Kirchman DL, Meon B, Ducklow HW, Carlson CA, Hansell 
DA, Steward GF (2001) Glucose fluxes and concentra-
tions of dissolved combined neutral sugars (polysaccha-
rides) in the Ross Sea and polar front zone, Antarctica. 
Deep Sea Res Part II: Top Stud Oceanogr 48:4179–4197. 
https:// doi. org/ 10. 1016/ S0967- 0645(01) 00085-6

Kurzyna-Szklarek M, Cybulska J, Zdunek A (2022) Analysis 
of the chemical composition of natural carbohydrates - an 
overview of methods. Food Chem 394:133466. https:// 
doi. org/ 10. 1016/j. foodc hem. 2022. 133466

Li J, Kisara K, Danielsson S, Lindström ME, Gellerstedt G 
(2007) An improved methodology for the quantification 
of uronic acid units in xylans and other polysaccharides. 
Carbohydr Res 342:1442–1449. https:// doi. org/ 10. 1016/j. 
carres. 2007. 03. 031

Li GF, Ma WJ, Cheng YF, Li ST, Zhao JW, Li JP, Liu Q, 
Fan NS, Huang BC, Jin RC (2020) A spectra metrology 
insight into the binding characteristics of  Cu2+ onto anam-
mox extracellular polymeric substances. Chem Engin J 
393:124800. https:// doi. org/ 10. 1016/j. cej. 2020. 124800

Lowry OH, Rosebrough N, Farr AL, Randall RJ (1951) Protein 
measurement with the Folin phenol reagent. J Biol Chem 
193:265–275

Martin JP (1971) Decomposition and binding action of poly-
saccharides in soil. Soil Biol Biochem 3:33–41. https:// 
doi. org/ 10. 1016/ 0038- 0717(71) 90029-0

Martin JP, Ervin JO, Richards SJ (1972) Decomposition and 
binding action in soil of some mannose-containing micro-
bial polysaccharides and their Fe, Al, Zn and Cu com-
plexes. Soil Sci 113:322–327

McFeeters RF (1980) A manual method for reducing sugar 
determinations with 2,2′-bicinchoninate reagent. Anal Bio-
chem 103:302–306. https:// doi. org/ 10. 1016/ 0003- 2697(80) 
90614-4

Melton LD, Mindt L, Rees DA, Sanderson GR (1976) Covalent 
structure of the extracellular polysaccharide from Xan-
thomonas campestris: evidence from partial hydrolysis 

studies. Carbohydr Res 46:245–257. https:// doi. org/ 10. 
1016/ S0008- 6215(00) 84296-2

Mopper K (1977) Sugars and uronic acids in sediment and 
water from the black sea and North Sea with emphasis on 
analytical techniques. Mar Chem 5:585–603. https:// doi. 
org/ 10. 1016/ 0304- 4203(77) 90044-5

Mopper K, Gindler EM (1973) A new noncorrosive dye reagent 
for automatic sugar chromatography. Anal Biochem 56:440–
442. https:// doi. org/ 10. 1016/ 0003- 2697(73) 90210-8

Mopper K, Zhou J, Sri Ramana K, Passow U, Hans GD, Dra-
peau DT (1995) The role of surface-active carbohydrates 
in the flocculation of a diatom bloom in a mesocosm. 
Deep Sea Res Part II: Top Stud Oceanogr 42:47–47. 
https:// doi. org/ 10. 1016/ 0967- 0645(95) 00004-A

Mueller T, Joergensen RG, Meyer B (1992) Estimation of soil 
microbial biomass C in the presence of living roots by 
fumigation-extraction. Soil Biol Biochem 24:179–181. 
https:// doi. org/ 10. 1016/ 0038- 0717(92) 90275-3

Nadour M, Laroche C, Pierre G, Delattre C, Moulti-Mati F, 
Michaud P (2015) Structural characterization and biologi-
cal activities of polysaccharides from olive mill wastewa-
ter. Appl Biochem Biotechnol 177:431–445. https:// doi. 
org/ 10. 1007/ s12010- 015- 1753-5

Nielsen SS (2010) Phenol-sulfuric acid method for total car-
bohydrates. In: Nielsen SS (ed) Food analysis laboratory 
manual. Springer, Boston, pp 47–53. https:// doi. org/ 10. 
1007/ 978-1- 4419- 1463-7_6

Or D, Phutane S, Dechesne A (2007) Extracellular polymeric 
substances affecting pore-scale hydrologic conditions for 
bacterial activity in unsaturated soils. VZJ 6:298–305. 
https:// doi. org/ 10. 2136/ vzj20 06. 0080

Parfitt RL, Greenland DJ (1970) Adsorption of polysaccha-
rides by montmorillonite. Soil Sci Soc Am J 34:862–866. 
https:// doi. org/ 10. 2136/ sssaj 1970. 03615 99500 34000 
60016x

Pierce WM, Nerland DE (1988) Qualitative and quantitative 
analyses of phenol, phenylglucuronide, and phenylsulfate 
in urine and plasma by gas chromatography/mass spec-
trometry. J Anal Toxicol 12:344–347. https:// doi. org/ 10. 
1093/ jat/ 12.6. 344

R Core Team (2023) R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna, Austria. https:// www.R- proje ct. org/

Redmile-Gordon MA, Armenise E, White RP, Hirsch PR, 
Goulding KWT (2013) A comparison of two colorimet-
ric assays, based upon Lowry and Bradford techniques, to 
estimate total protein in soil extracts. Soil Biol Biochem 
67:166–173

Redmile-Gordon M, Brookes PC, Evershed RP, Goulding 
KWT, Hirsch PR (2014) Measuring the soil-microbial 
interface: extraction of extracellular polymeric substances 
(EPS) from soil biofilms. Soil Biol Biochem 72:163–171. 
https:// doi. org/ 10. 1016/j. soilb io. 2014. 01. 025

Redmile-Gordon M, Evershed RP, Hirsch PR, White RP, 
Goulding KWT (2015) Soil organic matter and the extra-
cellular microbial matrix show contrasting responses to C 
and N availability. Soil Biol Biochem 88:257–267

Redmile-Gordon M, Gregory AS, White RP, Watts CW (2020) 
Soil organic carbon, extracellular polymeric substances 
(EPS), and soil structural stability as affected by previous 

https://doi.org/10.1016/0038-0717(96)00111-3
https://doi.org/10.1016/0038-0717(96)00111-3
https://doi.org/10.1016/S0003-2670(01)80042-8
https://doi.org/10.1016/j.soilbio.2012.08.014
https://doi.org/10.1016/j.soilbio.2012.08.014
https://doi.org/10.1038/s41598-019-46984-1
https://doi.org/10.1038/s41598-019-46984-1
https://doi.org/10.2307/2533558
https://doi.org/10.1002/jpln.201100388
https://doi.org/10.1002/jpln.201100388
https://doi.org/10.1016/S0967-0645(01)00085-6
https://doi.org/10.1016/j.foodchem.2022.133466
https://doi.org/10.1016/j.foodchem.2022.133466
https://doi.org/10.1016/j.carres.2007.03.031
https://doi.org/10.1016/j.carres.2007.03.031
https://doi.org/10.1016/j.cej.2020.124800
https://doi.org/10.1016/0038-0717(71)90029-0
https://doi.org/10.1016/0038-0717(71)90029-0
https://doi.org/10.1016/0003-2697(80)90614-4
https://doi.org/10.1016/0003-2697(80)90614-4
https://doi.org/10.1016/S0008-6215(00)84296-2
https://doi.org/10.1016/S0008-6215(00)84296-2
https://doi.org/10.1016/0304-4203(77)90044-5
https://doi.org/10.1016/0304-4203(77)90044-5
https://doi.org/10.1016/0003-2697(73)90210-8
https://doi.org/10.1016/0967-0645(95)00004-A
https://doi.org/10.1016/0038-0717(92)90275-3
https://doi.org/10.1007/s12010-015-1753-5
https://doi.org/10.1007/s12010-015-1753-5
https://doi.org/10.1007/978-1-4419-1463-7_6
https://doi.org/10.1007/978-1-4419-1463-7_6
https://doi.org/10.2136/vzj2006.0080
https://doi.org/10.2136/sssaj1970.03615995003400060016x
https://doi.org/10.2136/sssaj1970.03615995003400060016x
https://doi.org/10.1093/jat/12.6.344
https://doi.org/10.1093/jat/12.6.344
https://www.r-project.org/
https://doi.org/10.1016/j.soilbio.2014.01.025


709Plant Soil (2024) 498:699–709 

1 3
Vol.: (0123456789)

and current land-use. Geoderma 363:114143. https:// doi. 
org/ 10. 1016/j. geode rma. 2019. 114143

Rottmann N, Siegfried K, Buerkert A, Joergensen RG (2011) 
Litter decomposition in fertilizer treatments of veg-
etable crops under irrigated subtropical conditions. 
Biol Fertil Soils 47:71–80. https:// doi. org/ 10. 1007/ 
s00374- 010- 0501-9

Sher Y, Baker NR, Herman D, Fossum C, Hale L, Zhang X, 
Nuccio E, Saha M, Zhou J, Pett-Ridge J, Firestone M 
(2020) Microbial extracellular polysaccharide production 
and aggregate stability controlled by switchgrass (Pani-
cum virgatum) root biomass and soil water potential. Soil 
Biol Biochem 143:107742. https:// doi. org/ 10. 1016/j. soilb 
io. 2020. 107742

Sigleo AC (1996) Biochemical components in suspended par-
ticles and colloids: carbohydrates in the Potomac and 
Patuxent estuaries. Org Geochem 24:83–93. https:// doi. 
org/ 10. 1016/ 0146- 6380(96) 00003-4

Sinner M, Puls J (1978) Non-corrosive dye reagent for detec-
tion of reducing sugars in borate complex ion-exchange 
chromatography. J Chromat A 156:197–204. https:// doi. 
org/ 10. 1016/ S0021- 9673(00) 83140-4

Soltani M, Kamyab H, El-Enshasy HA (2013) Molecular 
weight (Mw) and monosaccharide composition (MC): two 
major factors affecting the therapeutic action of polysac-
charides extracted from Cordyceps sinensis – mini review. 
J Pure Appl Microbiol 7:1601–1613

Sweet MS, Perdue EM (1982) Concentration and speciation 
of dissolved sugars in river water. Environ Sci Technol 
16:692–698. https:// doi. org/ 10. 1021/ es001 04a011

Tanoue E, Handa N (1987) Monosaccharide composition of 
marine particles and sediments from the Bering Sea and 
northern north pacific. Oceanol Acta 10:91–99

Teh YY, Lee KT, Chen W-H, Lin SC, Sheen HK, Tan IS (2017) 
Dilute sulfuric acid hydrolysis of red macroalgae Eucheuma 
denticulatum with microwave-assisted heating for biochar 
production and sugar recovery. Bioresour Technol 246:20–
27. https:// doi. org/ 10. 1016/j. biort ech. 2017. 07. 101

Uçar G, Balaban M (2003) Hydrolysis of polysaccharides with 
77% sulfuric acid for quantitative saccharification. Turkish 
J Agric Forest 27:361–365

Utsumi Y, Yoshida M, Francisco PBJ, Sawada T, Kitamura S, 
Nakamura Y (2009) Quantitative assay method for starch 
branching enzyme with bicinchoninic acid by measur-
ing the reducing terminals of glucans. J Appl Glycosci 
56:215–222. https:// doi. org/ 10. 5458/ jag. 56. 215

van Erp PJ, Houba YJG, van Beusichem ML (1998) One hun-
dredth molar calcium chloride extraction procedure. part 
I: a review of soil chemical, analytical, and plant nutri-
tional aspects. Comm Soil Sci Plant Anal 29:1603–1623. 
https:// doi. org/ 10. 1080/ 00103 62980 93700 53

Velamakanni RP, Vuppugalla P, Merugu R (2021) Techniques 
used for characterization of microbial exopolysaccha-
rides. In: Nadda AK, Sajna KV, Sharma S (eds) Microbial 
exopolysaccharides as novel and significant biomaterials. 
Springer Nature, Cham, pp 19–43

Waffenschmidt S, Jaenicke L (1987) Assay of reducing sugars 
in the nanomole range with 2,2′-bicinchoninate. Anal Bio-
chem 165:337–340. https:// doi. org/ 10. 1016/ 0003- 2697(87) 
90278-8

Walker JM (1996) The bicinchoninic acid (BCA) assay for pro-
tein quantitation. In: Walker JM (ed) The protein proto-
cols handbook. Springer Protocols Handbooks. Humana 
Press. https:// doi. org/ 10. 1007/ 978-1- 60327- 259-9_3

Wang S, Redmile-Gordon M, Mortimer M, Cai P, Wu Y, Pea-
cock CL, Gao C, Huang Q (2019) Extraction of extracel-
lular polymeric substances (EPS) from red soils (Ulti-
sols). Soil Biol Biochem 135:283–285. https:// doi. org/ 10. 
1016/j. soilb io. 2019. 05. 014

Wingender J, Neu TR, Flemming HC (1999) What are bacte-
rial extracellular polymeric substances? In: Wingender J, 
Neu TR, Flemming HC (eds) Microbial extracellular pol-
ymeric substances. Characterization, structure and func-
tion. Springer, Berlin, pp 1–19. https:// doi. org/ 10. 1007/ 
978-3- 642- 60147-7_1

Yan JK, Li L, Wang ZM, Wu JY (2010) Structural elucidation 
of an exopolysaccharide from mycelial fermentation of a 
Tolypocladium sp. fungus isolated from wild Cordyceps 
sinensis. Carbohydr Polym 79:125–130

Zhang J, Yu Y, Zhang Z, Ding Y, Dai X, Li Y (2011) Effect 
of polysaccharide from cultured Cordyceps sinensis on 
immune function and anti-oxidation activity of mice 
exposed to 60Co. Int Immunopharmacol 11:2251–2257. 
https:// doi. org/ 10. 1016/j. intimp. 2011. 09. 019

Zhang M, Xu Y, Xiao KQ, Gao CH, Wang S, Zhu D, Yichao 
Wu Y, Huang Q, Cai P (2023) Characterising soil extra-
cellular polymeric substances (EPS) by application of 
spectral-chemometrics and deconstruction of the extrac-
tion process. Chem Geol 618:121271. https:// doi. org/ 10. 
1016/j. chemg eo. 2022. 121271

Zhou J, Mopper K, Passow U (1998) The role of surface-active 
carbohydrates in the formation of transparent exopolymer 
particles by bubble adsorption of seawater. Limnol Ocean-
ogr 43:1860–1871. https:// doi. org/ 10. 4319/ lo. 1998. 43.8. 
1860

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.geoderma.2019.114143
https://doi.org/10.1016/j.geoderma.2019.114143
https://doi.org/10.1007/s00374-010-0501-9
https://doi.org/10.1007/s00374-010-0501-9
https://doi.org/10.1016/j.soilbio.2020.107742
https://doi.org/10.1016/j.soilbio.2020.107742
https://doi.org/10.1016/0146-6380(96)00003-4
https://doi.org/10.1016/0146-6380(96)00003-4
https://doi.org/10.1016/S0021-9673(00)83140-4
https://doi.org/10.1016/S0021-9673(00)83140-4
https://doi.org/10.1021/es00104a011
https://doi.org/10.1016/j.biortech.2017.07.101
https://doi.org/10.5458/jag.56.215
https://doi.org/10.1080/00103629809370053
https://doi.org/10.1016/0003-2697(87)90278-8
https://doi.org/10.1016/0003-2697(87)90278-8
https://doi.org/10.1007/978-1-60327-259-9_3
https://doi.org/10.1016/j.soilbio.2019.05.014
https://doi.org/10.1016/j.soilbio.2019.05.014
https://doi.org/10.1007/978-3-642-60147-7_1
https://doi.org/10.1007/978-3-642-60147-7_1
https://doi.org/10.1016/j.intimp.2011.09.019
https://doi.org/10.1016/j.chemgeo.2022.121271
https://doi.org/10.1016/j.chemgeo.2022.121271
https://doi.org/10.4319/lo.1998.43.8.1860
https://doi.org/10.4319/lo.1998.43.8.1860

	Optimization of the bicinchoninic acid assay for quantifying carbohydrates of soil extracellular polymeric substances
	Abstract 
	Background and aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Soils
	Pre-extraction
	EPS extraction
	Statistical analysis

	Results
	Pre-extraction
	EPS extracts

	Discussion
	Pre-extraction
	EPS extracts

	Conclusion
	Acknowledgements 
	References


