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Simulation of hyporheic self-purification in riversthe
assimilative capacity of proteins

Ph. NAMOUR AND P LEPIMPEC
Cemagref3”® quai Chauveau, 69336 Lyon cedex 09, France

ABSTRACT

For the biochemical study of assimilation capa¢iZ), 2 hypotheses were put forward (3 levels spanse, the
hyporheon being the main site of self-purificatioA)physical model was designed, simulating thedngpon and
its response to increasing inputs of proteins wadiasd. The analyses evidence: a low accumulatfqrrateins in

the hyporheic biofilms for daily flows ranging frot1l to 20 mg/day; the percolation of proteins states the
proteolytic activity (increase W) whereas thé&,, shows no significant change ; the assimilationacéfes thus
stimulated are vastly superior to the daily loaatsoduced into the system and explain the low acdation of

proteins; finally, this stimulation concerns onlglaallow active zone < 2 cm. For the future, a metbf localising

zones of hyporheic infiltrations (micro-piezometimgcing, etc.) should be developed to moniitositu the action of
inputs of organic matter (OM) to the estimate the & the waterway..

KEY WORDS

Proteins, assimilation capacity, enzymatic kinetics, hyporheon.

HYPOTHESES

The major organic disturbance in a river is caused by the dispblousehold or urban waste
(van Dijk et al, 1994). Rivers do, however, have a purification capacity enabling tbhem
assimilate organic matter (OM)(Fontvieille, 1987). To obtain atéor the assessment of the
assimilation capacity (AC), we put forward two hypotheses: fiyex responds to increasing
inputs of OM in 3 phases (Figure 1) :
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Figure 1 : hypothetical evolution of the systemic cost under an increasing ir(pht. of

1) a phase of homeostasis with adjustments and without functional catidifis : a phase of
resistance (Webstat al, 1983) or of fluctuation (Blandin & Lamotte, 1985)*)2a phase of
resiliencesensuWebsteret al.(1983) where the system is reorganised to counter the noxious
effects of the inputs of OM : capacity of stabilisation (Blanglihamotte, 1985) ; %) finally, a
change of state where the primary stabilisation system ssoged ; 2) the zones with the
highest assimilation are those where the immobilisation of OMeasgreatest. Rivers develop
underflows within the sediments (a hyporheic zone or hyporheonpeaadia filter for the OM la

MO (Figure 2).
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Figure 2: conceptual model of a pool-riffle-pool sequence showing
relationships of channel water, hyporheon and groundwater, according to
White (1993). Arrows within the hyporheon represent theoretical
underflow paths.

It is therefore within this filtering structure (sedimentghvhigh permeability) that areas of high
heterotrophic capacity are to be found (Gibert, 1990). The hyporheibrisghust therefore be
the most effective self-purifiers in a waterway. To validdtese working hypotheses, an
experimental system was designed with 9 columns, simulatindhytperheic working. The
objective is to evidence descriptors and quantifiers of the AQigéa The preliminary analysis
of 13 inputs from wastewater treatment stations and of their miflnaving evidenced the
preponderance of the protein fraction (25 to 30% of the oxidizable @¥gl)study turned to
examining the variation in the proteolytic activity developed kg biofilms in response to
increasing inputs of proteins. The experiments were conducted ontatsuldy glass beads to
hypothesis validation and 2) coarse sediment for verification on natural sediment

MATERIALS & METHODS

Physical model

The hyporheon (Figure 3) is stimulated by a system of 9 gtadsmns (I=20cm &
Oint=22 mm).

Measures Measures
& &
Sampling Sampling

&

v

effluent

Column of substrat (glass beads or sediment)

Figure 3 : experimental model of the hyporheon.

The ends are capped with a silicone stoppér 20 mnx12 mm) pierced with two Teflon
catheters [[=1.6 mm). The catheters are connected to the hoses of the pump feedihg the
columns at a constant flow rate=.6mL/min., of influent filtered at 0.45 pm, according to the
diagram in Figure 3. The columns are placed in a dark room at 20°&h initial, so-called
colonisation phase, all the columns are fed for one month with Wisteed over a glass fibre
membrane (NF EN 872). The experimentation phase proper then foltbevcolumns are fed
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with water doped with proteins for 15 days. At the end of the axpetation, the columns are
cut into sections 2 cm long, and their proteolytic activity and organic compositiasuned.

Origin and characteristics of the substrata

1) The glass beadd]E1 mm) are washed in a boiling sulfochromic mixture for 2 h and then
rinsed in water, washed with the detergent RBS-35 (Piercenica for 1 h at 50°C and
rinsed in Milli-Q water.

2) The sediment comes from the Chaudanne, a stream of the order 1westhef Lyon, a
tributary of the Yzeron, which is in turn a tributary of the Sadhelrains a peri-urban
catchment area of 283 hectares (700 acres), of an alteratece gaaditgneiss type, with
predominantly sandy grits (500um<46%<2mm, 200um<39%<500um, 50um<7%<200um,
8%<50um). The samples are the mean of five samples takenausimggal grid, 1810cm
(100 cnf). Only the first two centimetres of sediment are taken, veluane of 200 crh The
sediment is sieved at 2 mm and its <200 um fraction removed usiter irom the
Chaudanne. The sedimentary fraction obtained (2 thw200um) is stored in a polyethylene
bottle at 4°C until reaching the laboratory (<1 h) where it is poured into the columns.

Synthetic influents

The influents consist of water from the Chaudanne, doped with known cegmtitBSA. The
water was collected in March 1998 (glass beads) and January 1998¢sgdupstream of the
stormwater spillway of the Barge bridge at Crézieu-lardfame. The water was filtered at
0.45 um and kept in the refrigerator at 5°C throughout the period of egueation. A quantity
of 2 L of influent was prepared each day to be added to the columns.

Analyses

The proteins were extracted by enzymatic attack (Mayat (1995). Approximately 100 mg of
ground sample were placed in 1.5 mL Eppendorf tubes, cleaned with RBS&% (Bhemical)
for 1 h at 55°C and rinsed in Milli-Q water. A quantity of 1 mL of pitee buffer (0.1 M,
pH 8) poisoned with arseniate (0.1 M) and pentachlorophenate (1 mM), was added. Afat
5°C, 100 pL of proteinase K (1 mg/mL in buffer) (Sigma P-8044) wdded, and the tubes
were incubated for 6 h at 60°C. Proteolysis was halted with 100 uCAfI00% (m/v). After
30 min. at 5°C, the tubes were centrifuged at 3000g/20min. The primamgsamere quantified
in the supernatant by fluorimetry (Udenfrieetl al, 1972) : 1 mL of borate buffer (25 mM,
pH 9.3) and 100 puL of fluorescamine (200 puL/mL) in acetone for spectrophoypmedre
added to the 100 pL of supernatant. Fluorescence was measured at 487/39@nm Johin
Yvon JY3D fluorimeter, calibrated with DL-Leucine. The acid hydrgly@iCl 6 N, 24 h at
110°C) confirmed the absence of peptides in the incubates and eveediesulthe highly
organic samples, in a decrease in the amine contents, probablydogtitastor by condensation
reactions

The proteolysis was modelled using the equation of Michaelis & &erithis equation requires
negligible or zero microbial growth. To prevent any growth, oina@ksion, during incubation,
the medium was poisoned with oxidative phosphorylation decoupling agents dr hopthe
addition of the BSA. Approximately 10 to 100 mg of the sample were cehljeo ultrasound
(I min at maximum power) in a 0.1 M phosphate buffer at pH8 (ateeild M +
pentachlorophenate 1 mM). After a contact time of 1 h at 5°C, the samele incubated in the
presence of increasing concentrations of BSA (from 0 to 1.55 mM) foridl5an55°C. The
reaction was halted by the addition of 100 uL of TCA 100% (m/v), hadptimary amines
guantified as previously. The kinetic constants were calculategtoyisation of the Michaelis
& Menten equations by non linear regression and minimisation ofuimedf the square of
differences between the experimental and theoretic valueshéAbinalyses were performed in
triplicate and the concentrations expressed for 1 g of beads or of dry sediments
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RESULTS

The decrease in the flow rate, from its initial value of 0.50 mh/mé small during the
experiment. The interstitial velocity is 4.3 mm/min (25.8 cm/h), a qitder velocity in the
natural environment. Hendricks & White (1995) measured a velocity of A6GI8 mn the

hyporheon of the Maple river Maple (Michigan) and Findlay & SobczE®9§), under
Wappinger Creek (New York), measured velocities of between 3 and 13 cm/h.

For each column, the protein concentration is monitored before and afsagpaAs from the
first day, the doped columns evidence a decrease of nearly 50%, prolo@btp an abiotic
fixing of the BSA. The content subsequently falls regularly tahreaplateau on thé"alay. The

period of the experiment was set as two weeks. On the one hand)ahkgsethe installation of
the heterotrophic film, and, on the other hand, this is the plausibledpduring which a
sedimenin situis not re-suspended by a flood.
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Figure 4 : distribution of proteolytic activity according to the depf
analysed layer.

As shown in Figure 4, the activity induced by the inputs of BSA aaetipally limited to the
first two centimetres of the column. Subsequently, the activitg f&f rapidly. The second
section represents no more than 15% of the activity of the first.eGoestly, only the deepest
stratum of the columns, reached by the influent, will be analysed.

Table 1 shows the concentrations in organic nitrogen, the proteim@anino acid contents of
the biofilms. The sediments reveal contents which are systehaticggher than those of the
glass beads. Moreover, these concentrations are lower by mo@thander of magnitude with
the daily input (0.43 to 1.23 mgN/L). There is no accumulation of proteinkeosubstratum,
implying an intense proteolytic activity.

Table 1: composition and kinetic constants measured in columns witkasimog flow of
proteins. Two substrata tested: glass beads and sediment. A C = assina|zdisiéy/c

Influent Biofilm composition Kinetic constants
Column FIOW.Of Reduction Proteins Amino  Ngg  Npo/Norg Ky Vi AC  Spiralling
proteins : mg/d length
substratum mg/d acids pgN/g % pM  umol/g/h
mg/d pHgN/g ugN/g cm
glass 2.67 0.37 8.3 3.3 80 10.4 120 0.7 2.7 2.0
" 3.65 1.37 7.6 4.0 21 36.2 330 2.1 5.9 1.2
" 5.24 2.24 10.4 4.8 37 28.1 154 7.7 15.3 0.7
sediments 3.58 0.91 24.8 3.4 204 13.8 42 15 46 7 1.
" 5.95 3.93 30.5 8.8 274 14.4 48 4.2 9.9 1.2

" 7.65 5.03 34.3 10.0 267 16.6 78 6.7 13.8 1.1
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The proteic nitrogen of the biofilms represents no more than 36%oof the organic nitrogen.
It should also be noted that the amino nitrogen contents account for up tfurdnef the total
proteic nitrogen. By using the Arrhenius equation, it possible, takingviheneasured, to
calculate the BSA metabolised in the first two centimeatfdbe columns at 20°C (Table 1). The
AC is the speed for a saturating protein concentration. The drogsesphs the mean quantity of
proteins eliminated, calculated by the difference between theemfand the effluent. The
recycling depth is calculated, considering the section of column ttnob@gogenous, with
5.75 g/cm in glass beads or 4.83 g/cm in sediments. The spiralligth lsnequal to the flow
divided by the proteolytic activity at 20°C.

DISCUSSION

This high polarisation of the proteolytic gradient confirms the impogaof the interface zones
(ecotones) in the transfer of matter and energy between syBtenremarkable narrowness of
the hyporheic ecotones has already been reported by Ret&n(1998) who measured, in the
Riera Major (Spain-glucosidic,#xylosidic and respiratory activities than twice as high in the
top sedimentary layer (0 to -1 cm) than in the deeper layeo (-Z0tcm). This resulted in the
abandonment of random or systematic sampling strategies in favauraoitrolled strategy. In
addition, the importance of the ecotone in OM dynamics requiresereelineation in the river
of the zones of infiltration and of exfiltration. This requirearsl knowledge of the hydraulics
within the sediment studied (micro-piezometric methods, tracings).

Kinetic constants

The comparison of ouK,, with those published for other proteins or mono-amine synthetic
substrates (Table 2), evidence the good match of our values.

Table 2 K, found in the literature for various substrates and samples

Substrate Sample Km Reference
uM
Haemoglobin Boreal Soil 1,7 - 47 Lahdesmaki & Pirsgra (1992)
Casein Compost 58 Rad al (1995)
Leucinep-nitroaniline Protease Kritirarchium album 4 Pflug (1979)
Leucin-3-naphtylamine Channel at the Scheldt estuary 100 Somville & Bi(E983)
Leucine-7-amido-4-methyl-umbelliferone  Ottawa & Maumee (Ohio) 11-151 Sinsabaeghl (1997)
Leucin-3-naphtylamine Antarctic Ocean 48 - 218 Christian & Karl (1998)
Methyl[**C]-methaemoglobin Callifornia Bight 0,730  Hollibaugh & Azam (1983)
Leucinep-nitroaniline Australiarbillabongs 158 - 2550 Scholz & Boon (1993)

There would not appear to be any mobilisation of enzymes of diffafénity according to the
quantity of available substrate. The values of the columns of lggests K, = 120 and 154 puM)
and of sediment{, = 48-78 uM) are supported by the bibliography. Only the value nezhsur
seawater by Hollibaugh & Azam (1983) is much lower : 0,7 nM. On ther dtand, there are
few publications reporting values f&, > 300 uM. Only Scholz & Boon (1993) calculati€g
values of 158 and 2550 pM, i.e. 0,64 g/L (L-leugmetro-aniline) in epixylons of Australian
billabongs.

This relatively high K, value poses the problem of the analytical validity of certain
quantification protocols using substrate concentrations from 100 to 200 pMoneentrations
more or less equal to th&, values. We are far from saturating concentrations. FKf, @f
100 uM, and for a substrate concentration of 100-200 uM, we are at only 50-GF&\Gf!
Moreover, these relatively high, values (BSA at 100 uM=6.45g/L) are barely physiological
given the low protein concentrations measure in the water (in the order of drje Wigat is the
explanation for the synthesis by organisms of a enzyme operatordyaa low capacity of its
possibilities in natural conditions ? From an energy viewpoint, that does not appeat.optim
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Among the possible explanations : a) a barrier effect due to tisenue of the sedimentary
biofilm. From the work of Boczaet al (1992) on activated sludge, and of Confer & Logan
(1998) on wastewater, and of Hoillibaugh and Azam (1983) on seawateuyld appear that the
proteases are in fact bound to the cellular walls and that consequently diespnat/e to diffuse
in the biofilm before reaching them. Albumin access (64 500 amLg nm) would thus appear
to be limited by its diffusion within the biofilm. The actual centrations would appear to be
lower than those calculated theoretically in the incubation mediuns. vition of a compact
biofilm, of the buttered bread type is currently abandoned in favoadadser, flamentous type
representation into which the macromolecules can easily pen@taaté.oosdrechét al, 1995 ;
Wimpenny & Colasanti, 1997). Moreover, our kinetics are driven on aaagxif disintegrated
biofilm, and this explanation is not therefore suitable ; b) adaptafitre proteases to a specific
micro-environment : the biofilm, given its retention and storage dgpawuld appear to be
capable of concentrating the proteins at contents compatibles wik,thialues measured ; c)
adsorption of the BSA on the particulate phase, which would decreasenttentration actually
available for proteolysis. McLoughlin & Crombie-Quilty (1983) meas@&SA adsorption rate
(1000 mg/L) of 25% in activated sludge, and Hollibaugh & Azam (1988)eaof 25 to 40% for
1 mg/L concentrations of methyl-methemoglobine in the analysiseafvater. The effect of
taking account of the actual concentration would be to shifiKthealues to lower values. It has
been seen, however, that there is no accumulation of proteins on thatsubstd) a selective
advantage, such as a better stability of the enzyme, or a regulationeaflysist by the substrate,
thanks to kinetics of the first order over a wide range of corat@mis. This has to effect of
regulating the velocity in a linear fashion according to tloégim concentration. These hig,
values €0.1 mM), in relation to the concentrations present in the medi@ni (1M) give the
system a high response dynamic : the velocities are of theofusr ¢=k.[§) because the
quantity K+[§=K. This property of the equation of Michaelis & Menten provides thiegys
with good resistance to the variations in the protein inputs. Thisdkpanation appear to be
the most plausible.

Bearing in mind the reservation expressed on the protocols for the measurethergrafymatic
activities (saturation conditions not met§ pqual to or even less th#f,), an attempt can be
made to compare our results with the proteolytic activitiesadly published. Even our control
columns evidence a marked proteolytic activity (0.7 to 7.7 umol/g/h or 225 to 2554 pffol/cm
Sinsabaugh & Linkins (1988) measured lower exoprotein activitiestiactx of epilithons from
the Saint Regis river (New-York) ranging from 0.1 to 3.00 nmdllerMayer (1989) reported
exoproteolytic activities in estuary sediments (Damariscatiaying from 0 to 72 nmol/g/h.
Whilst Jones & Lock (1989) failed to detect any "endopeptidasVitgcon intact biofilms
(glass bead§] 1.5 mm) from the oligotrophic Nant Wean river, in the Clywedog, on ther ot
hand, an eutrophic river, activities reached 100 nmdlkcrior the highest values. Chappell &
Goulder (1994) measured leucine-aminopeptidase activities from 143 to 178mffioih the
biofilms from Weighton Beck, collected respectively 200 m upstream 5@0wmstream from
the outfalls of Market Weighton (England). Only the activitissthe undoped glass bead
columns (225 nmol/cht) gave levels of proteolytic activity matching these dathour other
values are high by more than one order of magnitude. Neverthelebsuld be remembered
that our columns are subject to protein flow rates ranging &#@&mn to 7.65 mg/day. Moreover,
our gquantification method takes account of the totality of the prdiedytivities (endo- and
exopeptidases, amino- and carboxypeptidases). Our high values can thydabee@ by the
presence of several forms of proteases, whereas the datalitertitare concern only one type
of activity, generally the aminopeptidase activity. These hidegaare therefore perhaps
merely the reflection of reality.

Assimilation capacity

The AC of the first section of our columns is generally yastiperior to the daily loads in
proteins. Despite that, the drops in the protein load never reach 1008uldt appear that there
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is little assimilation of proteins (65% in the best case) dutiryr passage in the columns,
whereas the activities would enable it. There appear to besupwerimposed phenomena: an
intense assimilation as evidenced by the activities measurdda eelease. Fiebig (1997) also
found the same phenomenon : 99% of the amino acids (labelled*@)thvere immobilised in
the first 1.5 cm of sediment, whereas the amino reduction was pilgchd at the outlet from
the column. Under such conditions, the spiralling length of the proteemsiiNewboldet al,
1982) is less than or equal to 2 cm of column (resolution thickness eystem). It would thus
appear that the flows of assimilated proteins are higher thamagesuspect from the simple
difference between the ingoing and outcoming quantities. Thisoreed¥ our opinion on the
necessity of measuring flows and not simply measuring condensatf self-purification is to
be properly understood.

Figure 5 shows the distribution of the proteolytic activities mesk according to the influent
protein load. The solid line curve models the linear resporfs®.67) and the dotted line
according to the logistic law%0.79).

Vm (umol/g/h)
O FRP N W M Ul O N O O

0 2 4 6 8 10
daily flux of proteins (mg/day)

Figure 5 :V, variations versus daily flow of proteins, + glass beadggdiment.

The proteolytic activity is essentially inductive. The regulatamistic model is very similar to

that proposed in the hypothesis. Namely, an initial phase wheredtenpioad has relatively

little effect, followed by a phase of linear growth where the speegdrblysis is proportional to

the protein load, and finally the phase of the order 0, wher¥h® longer increases and is
relatively insensitive to variations in the protein load, does not agpebe reached in our
experiments.

CONCLUSION

Enzymatic essay is a powerful tool for studying OM cyglin river. These experiments on
columns evidence the extremely limited local effect (<2 cmjhef input of proteins on the
proteolytic activity, implying the abandonment of random or sydtiersiategies in favour of a
controlled sampling of the coarse sediments, having circumscrileedotitact areas between
inputs and sediment. Hence the necessity of validating tools fextieration and delineation
of these areas.

The presence of proteins results in an increase o¥thevhilst, if theK,, appear little affected,
the nature of the substrate has a predominant influence.

We have identified two levels of regulation of the proteolyticvétgtaccording to protein input :
a) a resistance phase, corresponding to the basal assimitatdelled by the Michaelis &
Menten equation; b) a resilience phase during which the systeistat) larger flows of OM by
a modulation of thé/,, according to a logistic law. The AC is not therefore a congihitite
medium but evolves under the influence of organic inputs. A river adjsisteetabolism to the
pollutant load.
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