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The exp an sio n  o f th e  aq u acu ltu re  p ro d u c tio n  is re s tric te d  due  to  th e  p re ssu re  i t  causes on  th e  en v iro n m e n t by 
th e  d ischarge  o f w aste  p ro d u c ts  in  th e  w a te r  bod ies an d  by  its d e p en d en ce  on  fish oil an d  fishm eal. 
A quacu ltu re  u s in g  b io-flocs te chno logy  (BFT) offers a  so lu tion  to  b o th  p rob lem s. It com bines  th e  rem oval o f 
n u tr ie n ts  from  th e  w a te r  w ith  th e  p ro d u c tio n  o f m icrob ia l b iom ass, w h ich  can  in situ  be u sed  by  th e  cu ltu re  
species as a d d itio n a l food source. U n d erstan d in g  th e  basics o f b io -floccu lation  is e sse n tia l for o p tim a l p ractice. 
Cells in th e  floes can  p ro fit from  advec tive  flow  an d  as a  re su lt, ex h ib it fa s te r su b stra te  u p ta k e  th a n  th e  
p lan k to n ic  cells. The la tte r  m ech an ism s a p p ea r to  be valid  for lo w  to  m o d e ra te  m ix ing  in ten s itie s  as  th o se  
o ccu rring  in  m o s t aq u acu ltu re  sy stem s (0 .1 -10  W  n f 3). Yet, o th e r  fac to rs such  as d isso lved  oxygen 
co n cen tra tio n , choice o f o rgan ic  carb o n  source a n d  o rg an ic  load ing  ra te  also  in fluence th e  floe g ro w th . These 
a re  all strong ly  in te rre la ted . It is generally  a ssu m e d  th a t  b o th  ion ic  b in d in g  in acco rdance  w ith  th e  DLVO 
th e o ry  an d  V elcro-like m o lecu lar b in d in g  by  m ea n s  o f cellu lar p ro d u c ed  ex trace llu la r ex te n sio n s  a re  p lay ing  a 
ro le  in th e  agg regation  p rocess. O th e r agg regation  factors, such  as chang ing  th e  cell surface charge  by 
ex trace llu la r po lym ers  o r q u o ru m  sensing  are  also  a t  han d . Physicochem ical m e a su re m e n ts  such  as th e  level 
o f  p ro te in , p o ly -ß -h y d ro x y b u ty ra te  a n d  fa tty  acids can  be u sed  to  charac te rize  m icrob ia l floes. M olecular 
m e th o d s  such  as FISH, (rea l-tim e) PCR a n d  DGGE a llow  d e te c tin g  specific species, ev a lu a tin g  th e  m a tu rity  and  
stab ility  o f th e  cooperative  m icrob ia l co m m u n ity  a n d  q uan tify ing  specific fu n c tio n a l genes. Finally, from  th e  
p rac tical p o in t o f v iew  for aq u acu ltu re , it is o f in te re s t to  have m icrob ia l b io-flocs th a t  have a  h igh  a d d ed  value 
a n d  th u s  a re  rich  in  n u trien ts . In th is  respec t, th e  s tra teg y  to  h ave a  p red o m in an ce  o f b a c te r ia  w h ich  can  easily  
be d ig ested  by  th e  aq u acu ltu re  an im als o r  w h ich  co n ta in  en e rg y  rich  sto rage  p ro d u c ts  such  as th e  po ly -ß - 
hyd ro x y b u ty ra te , a p p ea rs  to  be  o f p a rticu la r in te res t.
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1. Introduction

The cu rren t w orldw ide g row th  rate o f  th e  aquacu ltu re  business 
(8.9-9.1% per year since th e  1970s) is needed  in o rder to cope w ith  the  
problem  of shortage in p rotein  food supplies, w hich  is particularly  
situated  in th e  developing countries (G utierrez-W ing and Malone, 
2006; M atos e t al„ 2006; Subasinghe, 2005). However, environm ental 
and econom ical lim ita tions can h am p er th is grow th. Especially 
intensive aquacu ltu re  coincides w ith  th e  pollution o f th e  culture 
w ater by an  excess o f  organic m aterials and nu trien ts  th a t are  likely to 
cause  a cu te  tox ic  e ffects and  long te rm  e n v iro n m en ta l risks 
(Piedrahita, 2003). For long, th e  m ost com m on m ethod  for dealing 
w ith  th is pollution has been  th e  use  o f  continuous rep lacem ent o f the  
pond w ater w ith  ex ternal fresh w ater (G utierrez-W ing and Malone, 
2006). However, th e  w a ter volum e needed  for even small to m edium  
aquaculture system s can reach up to several hundreds o f cubic m eters 
per day. For instance, penaeid  shrim p require abou t 20 m 3 fresh w ater 
per kg shrim p produced (W ang, 2003). For an  average farm  w ith  a 
production  of 1000 kg shrim p ha-1 y r_1 and total pond surface o f 5 ha, 
this corresponds w ith  a w a ter use o f ca. 270 m 3 day-1. For a m ed ium 
sized tro u t racew ay system  o f 140 m 3, even  a daily rep lacem ent o f 100 
tim es th e  w a ter volum e is applied (M aillard e t al., 2005). A second 
approach is th e  rem oval o f th e  m ajor pa rt o f th e  po llu tan ts in the  
w ater as is perform ed in recirculating aquacultu re  system s (RAS) w ith  
d iffe ren t kinds o f  b iologically  based  w a te r  tre a tm e n t system s 
(G utierrez-W ing and M alone, 2006). The am o u n t o f w ater th a t 
needs to  be replaced on  a daily basis generally  is reduced to  abou t 
10% of th e  total w a ter volum e (Twarow ska e t al„ 1997). However, this 
technique is costly in term s of capital investm ent. W hile capital 
investm ent costs for norm al flow -through ponds system s are ca. 1.3 € 
kg-1 an n u al p ro d u c tio n , th e y  m ay  increase  to  5.9 €  kg-1 in 
recirculating system s (G utierrez-W ing and M alone, 2006). O peration 
of RAS furtherm ore  increases energy  and labour costs, so th a t taking 
all costs into consideration  (investm en t plus operation  costs) it can be 
estim ated  th a t unsusta inab le  pond production  can be perform ed a t 
tw o th irds o f th e  costs o f RAS (G utierrez-W ing and M alone, 2006).

A relatively new  alternative  to previous approaches is th e  bio-flocs 
technology (BFT) aquacu ltu re  (Avnimelech, 2006). In these  system s, a 
co-culture o f he tero troph ic  bacteria  and algae is g row n in floes under 
controlled conditions w ith in  th e  cu ltu re  pond. The system  is based on 
th e  know ledge of conventional dom estic  w astew ate r trea tm e n t 
system s and is applied  in aquacu ltu re  env ironm ents . Microbial 
biom ass is grow n on fish excreta resulting in a rem oval o f these 
unw an ted  com ponents from  th e  water. The m ajor driving force is the  
intensive grow th  o f he tero troph ic  bacteria. They consum e organic 
carbon; 1.0 g o f  carbohydrate-C  yields ab o u t 0.4 g o f  bacterial cell d ry  
weight-C; and depending  on th e  bacterial C/N-ratio thereby  im m o
bilize m ineral nitrogen. As such, Avnim elech (1999) calculated a 
carbohydrate need o f 20 g to im m obilize 1.0 g o f N, based on a 
microbial C/N-ratio o f  4  and a 50% C in dry  carbohydrate.

In in tegrated aquaculture system s using bacteria as additional 
nu trien t trapping stage, the  increase in retention  by th e  use o f bacteria 
is ra ther small. Schneider e t al. (2005) stated th a t hardly 7% of the  feed 
nitrogen and 6% of th e  feed phosphorus w ere retained by conversion in 
microbial biomass. However, w hen  carbon and nitrogen are well 
balanced in the  w ater solution and microbial assim ilation o f the 
am m onium  is efficiently engineered, a com plete re tention can be 
obtained. A concentration of about 10 mg N H 4 -N  L_1 could alm ost 
com pletely be rem oved w ith in  5 h after th e  addition of glucose a t C/N- 
ratio 10, and this w ithout the  accum ulation of nitrite  and nitrate

(Avnimelech, 1999). This transform ation, achievable by adding different 
types o f organic carbon source, resulted in a production o f microbial 
proteins th a t could be reused as fish food. As such, nitrogen recovery in 
th e  form of tilapia biom ass from a tilapia breeding facility could be 
increased from  23% in norm al operation to 43% w hen  th e  system  was 
operated  w ith  BFT. This increase w as based on th e  internal recirculation 
of nutrients through th e  form ation o f new  m icrobial biomass, w hich was 
subsequently  grazed by th e  fish (Avnimelech, 2006).

It has been  established th a t th e  rem oval o f n itrogen from  the  
cu ltu re  w a ter by m eans o f BFT can be regulated by balanced addition  of 
carbon. The added  value th a t bio-flocs m ay bring to th e  aquaculture 
system s how ever still rem ains largely unknow n. In th is review, w e 
strive to give an  overview  o f th e  basics o f th e  bio-flocs aggregation 
w ith in  th e  ponds and how  th is is influenced by th e  d ifferent pond 
operation  param eters. Since m ost insight is related  to floe form ation in 
activated sludge system s, th e  la tter a re  in te rp reted  in term s o f th e ir  use 
in aquaculture. The relationship  be tw een  th e  different param eters is 
described and also suggestions for additional research  are m ade. 
Throughout th e  text, th e  quality  o f th e  bio-flocs is em phasized  in term s 
o f th e ir m orphological characteristics and nu tritional com position.

2. Selective forces for bacteria to live in floe structures

2.1 Bacteria living in floe structures

Microbial floes (Fig. 1A) consist o f a he terogeneous m ixture o f 
m icro-organism s (floc-form ers and filam entous bacteria), particles,

Fig. 1. A. Im age o f a floe structu re  w ith in  a BFT-system and  its com position; B: a 
p ro tozoan th a t is grazing a t  th e  edge o f a floe rem oves th e  cells th a t tend  to  leave th e  floe.
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colloids, organic polym ers, cations and dead  cells (Jorand e t al„ 1995) 
and can reach m ore th an  1000 p m  in size. Typical floes are irregular by 
shape, have a broad d istribu tion  o f particle sizes, are fine, easily 
com pressible, highly porous (up to m ore th an  99% porosity) and are 
perm eable  to fluids (Chu and Lee, 2004b). Several param eters can be 
used  to  characterize th e  floes. A distinction  can be m ade be tw een  the  
param eters th a t describe th e  physical characteristics o f  th e  floes and 
th e  ones th a t describe th e  chem ical com position o f th e  floes (Table 1 ). 
Only 2-20%  o f th e  organic fraction of sludge floes are believed to  be 
living m icrobial cells w hile total organic m atte r m ay be 60-70% and 
total inorganic m atte r 30-40%  (W ilen e t al„ 2003). Densities o f the  
m icrobial biom ass average slightly above 1.0 g w e t w eigh t mL” 1 floe 
aggregate; hence th ey  tend  to sink ra th e r slowly (1 -3  m  h” 1) (Sears 
e t al„ 2006).

Efficient aggregation is o f p a ram o u n t im portance in conventional 
activated sludge system s (AS), since th e ir operational success depends 
heavily on good settling sludge (Bossier and V erstraete, 1996). In the  
clarifier, th e  aggregated organism s settle  to  th e  bo ttom  of a conic tank  
and are  recycled to  an  aera tion  tan k  w here  new  n u trien t rich w ater is 
aw aiting . Non- o r poorly  se ttlin g  floes, m ain ly  d o m in a ted  by 
filam entous organism s, a re  w ashed ou t a t this stage and are  lost 
from  th e  system . The continuous recycle and repetition  of th e  settling 
process selects for those organism s living in floes and having access to 
th e  food supply.

In aquacu ltu re  system s, th e  capacity  to se ttle  m ay offer a selective 
advantage to th e  extend th a t th e  floes m ay escape detrim en tal im pact 
o f  light, avoid grazing by th e  h igher organism s feeding in th e  top  layer 
o r acquire m ore food near th e  b o ttom  sed im en t layer. These aspects all 
w arran t closer investigation. Good settling  floes a re  no t necessarily

lost as food by sed im entation  since th e  aeration  devices keep th em  in 
suspension.

2.2. Acquisition o f food  a t the cellular level: physical constraints

Individual bacterial cells are  sized in th e  o rder o f 1 p m  (M adigan 
and M artinko, 2006). This im plies th a t these  organism s are in general 
su rrounded  by a layer o f liquid th a t ham pers th e  m ass transfer o f 
nu trien ts and w aste  products (Logan and Hunt, 1988). Calculation o f 
th e  Reynolds num ber (Re = a dim ensionless param eters th a t indicates 
w h e th er a fluid flow in a particular situation  will be lam inar or 
tu rbu len t) for bacterial cells, even for free sw im m ing ones, will result 
in a value far below  2300 w hich is th e  up p er lim it for lam inar flow. 
Indeed, a bacterium  of 1.0 p m  d iam eter (L) th a t is m oving in a w ater 
colum n (20 °C, viscosity p  = 1.002 x 10“ 3 N s m -2 , density  p =999.86 g L 
_1) a t a speed o f 1000 p m  s” 1 (Vs) (M itchell and Kogure, 2006) results 
in a Reynolds n u m b er o f 1.0*IO” 3. U nder such conditions, th e  
viscosity o f w a ter dam pens fluctuations sm aller th an  th e  so called 
viscous length  Lv, w hich is in th e  o rd er o f 1.0-6.0 m m . Below this 
dim ension, th e  tu rbu lence o f th e  w a ter is no t im po rtan t anym ore for 
th e  substra te  flux to a bacterial cell (Schulz and Jorgensen, 2001). In 
o th er w ords a lam inar regim e (also called diffusion sphere o r Reynolds 
envelope), always p resen t a round  bacteria  sm aller th an  100 pm, 
interferes w ith  n u trien t m ass transfer as th ey  m ove th rough  th e  w ater 
colum n. This m ay resu lt in m ass transfer lim itations w h en  th e  ra te  o f 
substra te  consum ption  exceeds th e  ra te  o f substra te  supply (Simoni 
e t al„ 2001).

O rganism s are  considered  to co u n te r th e  n u trie n t diffusion 
problem  by grow ing in am orphous aggregates o r microbial floes, as

Table 1
Main parameters and methods of importance for the characterization of the floes present in bio-flocs technology aquaculture systems

Definition and units Determination*

Suggested range 
for bio-flocs 
technology 
aquaculture

Remarks

Physical characterization
-  Suspended 
solids (SS)

The am ount of particulate m atter 
present in a pond sample (g SS L_1)

The particulates are separated out of the w ater 
sample either by filtration or centrifugation and 
dried overnight a t 100 °C.

0.2-1.0 g L- 1

-  Volatile 
suspended 
solids (VSS)

The am ount of organic m atter in 
particulate form in a pond sample
(gVSSL”1)

After drying, the suspended solids are ashed at 
600 °C. The SS minus the ash yields the VSS value.

N.D.

-  Floe volume The volume occupied by 1.0 g floc-VSS Calculated from the floe volume after 30' of >200 mL g- 1 In activated sludge systems,
index (FVI) (m L g-1) sedim entation in an Imhoff eone and the VSS value this value is 40-60 for good 

settling sludge and 
> 2 0 0  for bulking sludge.

-  Porosity The space within a floe that is not 
occupied by bacterial biomass but free 
for w ater and/or gas

Determined by image analysis (Perez e t al., 2006) 
or indirect by measuring floe settling velocity 
(Chung and Lee, 2003)

N.D. The porosity value ranges 
between 0  and 1  w ith a higher 
value representing a higher porosity.

-  Floe size An overview of the sizes of the floes as 
distribution well as their relative frequency of 

incidence

Chemical characterization

Determined automatically e.g. by the Malvern 
MastersizerS or the Galai CIS-100 Particle Analyzer 
(Govoreanu e t al., 2004)

N.D.

-  Chemical Amount o f oxygen required to The determination is based on the reaction of N.A. For monitoring the carbon
oxygen dem and (COD) chemically oxidize the organic 

m atter in a pond sample (g L_ 1 )
organic carbocompounds w ith  an excess of 
K2Cr2 0 7 , a strong oxidizing compound, in 
acidic solution.

source in the water, the dissolved 
COD can be determined 
(after filtration, 0.45 pm).
It can be stated that 1.0 g 
carbohydrate or 1 . 0  g protein 
equals about 1.0 g COD.

-  Biological oxygen Amount o f oxygen th a t is used by micro Measured by means of an Oxitop bottle during a N.A. Gives an indication of the
dem and (BOD) organisms to biochemically convert 

organic m atter into metabolites (g L-1)
five day test (therefore often referred to as BOD5) rapidly biodegradable part of 

organic m atter in the pond 
BOD5 =biodegradable COD * 0.65 
(Verstraete and 
Van Vaerenbergh, 1977)

N.D.: no data available.
N.A.: not applicable.
* The determination of the parameters is performed by standard methods according to Greenberg e t al. (1992) unless stated otherwise.
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is th e  case in BFT. Originally, th e  m ass transfer w ith in  floes has been  
a ttribu ted  to  m olecular diffusion. M odels how ever revealed th a t 
individual cells w ith in  a dense  bacterial floe could no t reach a h igher 
substra te  up take rate  by diffusion relative to d ispersed  planktonic 
cells (Logan and Hunt, 1988). This m eans th a t aggregated cells have a 
m echanism  resulting  in nu tritious advantage for w hich th ey  m ay have 
to invest energy  in o rder to sustain  floe form ation (Li and Ganczarczyk, 
1988). The answ er can be found w ith in  th e  highly porous internal 
struc tu re  o f aggregated  m icrobial com m unities. The perm eability  o f 
th e  floes allows advective flow to pass th rough  th e  pores since the  
w ater ten d s to follow th e  path  o f least resistance (Chu and Lee, 2004a). 
As a result, th e  am o u n t o f n u trien ts supplied to th e  m icro-organism s 
in th e  floes by m ixed flow is considered to be h igher as com pared to 
th e  am o u n t supplied by lam inar flow to an  individual cell. The 
substra te  availability can th u s increase up  to  a factor tw o (Bossier and 
V erstraete, 1996).

The advantage due to bio-flocculation can be rep resen ted  by the  
relative difference in m ass transfer ra te  tow ards cells inside floes and 
tow ards d ispersed  cells used as reference. This is expressed  by the  
relative up take ( y )  th a t is defined as th e  ratio o f th e  up take  rate  by 
cells grow ing in floes over th e  up take ra te  by cells d ispersed  in the  
fluid. Here, bo th  th e  floe and d ispersed  cells a re  in th e  sam e fluid 
m echanical environm ent. If th e  relative up take  factor is larger th an  
one, living in floes is advantageous and m icro-organism s will organize 
them selves into aggregates (Logan and Hunt, 1988).

The relative up take  factor is function o f th e  pow er inpu t into the  
w ater for aera tion  and mixing. This m eans th a t  to obtain  floes, the  
optim al pow er input can be de term ined . In general, it is applied in 
aquaculture system s in th e  o rder o f 0 .1-10 W  m ” 3 (Boyd, 1998). W hen  
th e  relative up take  factor is calculated according to Logan and H unt 
(1988) in function o f th e  pow er inpu t for cells o f 1 pm  organized in a 
perm eab le  floe, it is observed  th a t  in th e  low  m ixing ranges, 
aggregated cells have a d istinct advantage relative to  planktonic 
ones (Fig. 2). The m axim al fluid shear ra te  th a t m ay be p resen t in this 
specific case is abou t 90 W  m ” 3. Beyond this value, th e  d ispersed  cells 
will ou tcom pete  th e  cells living in floes. For aquacultu re  ponds, 
applied values for th e  shear rate (0 .1-10 W  m _ 3) generally  resu lt in 
flow regim es in w hich natural floe form ation will have a selective 
advantage. Yet, it m u st be noted  th a t these  considerations are based 
on approxim ate  un it values and theoretical calculations. In practice, 
th e  optim al pow er input will have to  be established for each individual 
culture unit. Assessing floe form ation a t different pow er inputs will 
allow  to de term ine  a range for optim al bio-floc g row th  and each 
pow er inpu t w ith in  th e  range will resu lt in a different floe size 
distribution. W hich floe size d istribu tion  is desired  will m ainly depend

on  th e  cu ltu re  species. Adult species will be able to  feed on  larger floes 
w hereas these  organism s in a juvenile  life stad ium  will p refer/need  
sm aller floes. In case o f filter feeders, e.g. clogging o f th e  gills will be a 
de term in ing  factor. As described further, th e  pow er inpu t is strongly 
related  w ith  o th er factors like m ixing in tensity  and dissolved oxygen 
concentration . Obviously, experim ental validation o f th e  concept of 
advantageous advective flow in th e  con tex t o f BFT is w arranted .

2.3. Protection against protistan grazing: biological stressor

It is postu lated  th a t grazing by protozoa (unicellular eukaryotic 
m icro-organism s sized 2 .0 -2 0 0 0  pm ) is one o f th e  m ajor causes o f 
bacteria  rem oval in soil, freshw ater and m arine ecosystem s (M atz and 
Kjelleberg, 2005) (Fig. IB). In th is respect, th e  aggregated w ay of life 
can be beneficial. By organizing them selves into aggregates, cells m ay 
becom e less susceptible to  p redation  by protozoa (Young, 2006). This 
w as show n in studies th a t revealed a shift tow ards sm aller cells and a 
grouping o f these  into large m ulticellular floes upon  p redation  o f a 
m icrobial com m unity  by m esobiota (Hahn and Hofle, 1999).

The bacterial defence m echanism s against p redation  are  diverse. 
Changes in bacterial size and shape to becom e over- and undersized , 
th e  exertion  o f high m otility  (sw im m ing speeds o f m ore th an  30 p m  s” 1 
th a t can considerably decrease cap ture  (M atz and Jurgens, 2005)) or 
th e  a tta ch m en t to  surfaces th a t enhances survival all have been 
reported  (Young, 2006). A stra tegy  ev iden t for bacteriop lankton  
com m unities against p ro tozoan grazing is th e  grouping into large 
aggregates or floes. Experim ental field studies have show n th a t w ith in  
1 -2  days after enhancing  p ro tistan  grazing, th e  bacterial com m unity  
shifted from  small and m edium -sized  single cells into com m unities 
dom inated  by filam entous and aggregated bacteria  (Hahn and Hofle, 
2001 ). By sticking together in such m icrocolonies, th e  group o f bacteria 
reaches a size too large to be considered as a prey for th e  m esobiota. 
Only th e  organism s on th e  o u ter layers a re  susceptible to p redation  by 
grasping feeders (M atz and Kjelleberg, 2005).

3. Mechanisms of binding microbial cells into floes

The flocculation o f m icrobial com m unities is a com plex process. 
W ith in  th e  floe's m atrix, a com bination  o f physical, chem ical and 
biological phenom ena is operating . The exact m echanism s and the  
m ethods to  eng ineer microbiological floes rem ain  largely unknow n. 
The m ain constituen ts th a t can be found w ith in  th e  floe m atrix  a re  the  
extracellular polym eric substances. These structu res form  a m atrix  
th a t encapsulates th e  m icrobial cells, and play a m ajor role in binding 
th e  floe com ponents together. The presence o f these  structu res in
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activated sludge system s can be substantial, up to 80% o f th e  total 
m ass (H antula and Bamford, 1991; Liu and Fang, 2003). They are 
typically m ade up ou t o f polysaccharides, protein, hum ic com pounds, 
nucleic acids and lipids (Zita and H erm ansson, 1994). They are 
produced  as slim e or capsu le  layers u n d e r various n u tritional 
conditions bu t particularly  in case o f lim itation by nu trien ts  like e.g. 
nitrogen (Steiner e t al„ 1976).

3.1. Surface interactions influenced by physicochemical parameters

The surface of a bacterium  su rrounded  by polym eric com pounds is 
in general negatively charged (Zita and H erm ansson, 1994). The na ture  
o f  these  surface structu res helps to de term ine  th e  zeta-po ten tia l (Liu 
an d  Fang, 20 0 3 ) th a t  is an  e lec trica l p o ten tia l g e n e ra te d  by 
accum ulation  o f ions from  th e  surroundings a t th e  bacterial surface 
(Sobeck and Higgins, 2002). The negative charge o f floes lies w ith in  
th e  range o f -0 .2  to -0 .6  m eq g_1 volatile suspended  solids (VSS) w ith  
a zeta-po ten tia l o f - 2 0  to  - 3 0  mV (Liu and Fang, 2003). The layer o f 
oppositely  charged counter-ions th a t is ra th e r tightly  fixed to  the  
surface is th e  so called Stern layer. Outside th is layer a group o f ions 
form s a cloud-like structure, th e  diffuse layer, w hich  is electrically 
neu tra l (H erm ansson, 1999) (Fig. 3). Starting close a t th e  surface and 
going to th e  outside, th e  potential o f  th e  particle gradually  d rops until 
it becom es th e  value o f th e  surrounding  bulk (in generally  taken  to be 
zero) (Fig. 3). W hen  such a particle m oves th rough  a liquid m edium , 
th e  fixed layer and pa rt o f th e  diffuse layer m ove along. However, 
som e of th e  charges from  th e  diffuse layer a re  lost resulting in a new  
edge of th e  particle, th e  shear plane, a t zeta-po ten tia l (Fig. 3). Due to 
equal surface charges, particles are  repelled from  each o th er and are 
kep t in dispersion. However, th e  latter is countered  by Van de r W aals 
forces. These are forces resulting  from  polarization  o f m olecules into 
dipoles and inducing an  a ttractive  pow er be tw een  particles possibly 
re su ltin g  in ag gregation . W h e th e r  o r n o t b ac teria  w ill g roup  
them selves into floes will th u s d epend  on b o th  th e  zeta-potentia l 
and th e  Van de r W aals forces (Sobeck and Higgins, 2002). If th e  zeta- 
po tential is substantial and th u s th e  repelling surface charge o f the
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Fig. 3. Schem atic view  of a charged cellular particle w ith  its coun te r charges and  the 
po ten tia l in the  area of a particle surface.

particle is likely to  be larger th an  th e  a ttractive  Van de r W aals forces, 
th e  bacteria  will stay in d ispersion  and will no t aggregate. In th e  
opposite  case o f low  zeta-po ten tia l or low  surface charge, th e  Van der 
W aals forces will dom inate  and bacterial floe form ation is likely to 
occur (Zita and H erm ansson, 1994). The in teraction  o f charged 
surfaces th rough  a liquid is also know n as th e  DLVO theory, nam ed 
a fte r its d ev elo p ers  D erjaguin, Landau, V erw ey and  O verbeek 
(H erm ansson, 1999). An influencing factor regarding th e  DLVO theory  
can be deducted  from  th e  proton tran slocation -dehydra tion  theo ry  
(Tay e t al., 2000; Teo e t al., 2000). During tran sp o rt o f electrons in th e  
bacterial respiration  chain, pro tons are actively pum ped  o u t o f th e  
m em branes. This rup tures th e  hydrogen bonds be tw een  th e  w ater 
m olecules adhered  to th e  cell and th e  negatively charged cell surface, 
and results in dehydration  o f th e  cell surface. In addition, the  
pro tonation  o f th e  cell surface neutralizes pa rt o f  th e  cell negative 
charge. This results in an  increased hydrophobicity  o f th e  cell surface, 
w hich has been show n to  resu lt in an increased adhesion  streng th  
(Van Loosdrecht e t al., 1987). It seem s reasonable to assum e th a t th e  
bacterial p ro ton  translocation  activity  plays a role in th e  initiation o f 
m icrobial aggregation.

The divalen t cation bridging theo ry  states th a t d ivalen t cations, 
m ainly Ca2+, bridge negatively charged functional groups w ith in  th e  
bacterial surface structures (Higgins and Novak, 1997). Keiding and 
Nielsen (1997) sta ted  for activated sludge th a t  th e  “cloud" o f surface 
structures com prises hum ic substances as m ajor (adsorbed) com 
pound. In BFT, th e  cells will be younger th an  those  in activated sludge 
system s (w here  th e  residence tim e is ca. 20 days), th u s com prising less 
adsorbed m atter. Their extracellular polym eric com position is how 
ever also depending  on sludge residence tim e, w ith  th e  am o u n t o f 
pro tein  rising considerably w ith  increasing sludge age (Sanin e t al., 
2006). C haracterization o f extracted  extracellu lar polym eric sub
stances from  sludge floes revealed th a t pa rt o f th e  polysaccharides are 
m ade up o u t o f uronic acids having a carboxyl-group located a t th e  
fifth carbon. At n eu tra l pH values, th ese  carboxy l-g roups are 
unpro tonated . Also th e  p rotein  is rich in carboxyl-group containing 
am ino acids th a t  will con tribu te  to th e  negative charge as well (Sobeck 
and Higgins, 2002).

For cells w hich  are  no t carrying any electrical charge or are  living a t 
high ionic streng ths (>0.1 M), it can be assum ed th a t th e  b inding of 
m icro-organism s m ainly is th e  resu lt o f steric in teractions (com par
able to th e  Velcro concep t o r th e  hydrogen bounding be tw een  tw o 
single DNA strands) as was observed by th e  in teractions be tw een  
m icro-organism s and substra ta  (Rijnaarts e t al., 1999). At low  ionic 
streng ths (<0.001 M), th e  b inding is h indered  by th e  DLVO-type of 
e lec tro sta tic  repu lsion . In case aggrega tion  does occur, th is  is 
postu lated  to be due  to extracellular polym ers th a t m ake distance 
bonds be tw een  equally charged surfaces to  coun terac t repulsion 
(Burdm an e t al., 2000). The la tter in teraction  has been  show n on  an 
experim ental basis. Blocking o f extracellular polysaccharide synthesis 
resulted  in a decrease o f  th e  microbial adhesion  (Cam m arota and 
Sant'Anna, 1998).

Since bio-flocculation is based  on th e  previously m entioned  
m echanism s, it m ay possibly be steered  to a certain  degree w ith in  
th e  aq u acu ltu re  ponds by m eans o f the ionic strength  in th e  
environm ent. The balance be tw een  repulsive and attractive forces 
w orking w ith in  floes d epends on th e  electro ly te concen tra tion  (Zita 
and  H erm ansson , 1994). The in fluence o f d iv a len t cations on  
flocculation is positive. This can e.g. be ascribed to  a decrease o f th e  
diffuse double layer (DLVO theory). Even sm all changes in th e  ionic 
streng th  and ion com position  o f th e  w ater can have substantial 
influence on  th e  structural p roperties o f floes. Particularly Ca2+ has 
been  show n to be a significant factor in floe form ation (Keiding and 
Nielsen, 1997). In addition, th e  presence o f calcium  ions also seem s 
beneficial in th e  p rotection  o f fish species against heavy m etal toxicity 
(Abdel-Tawwab e t al., 2007; W ood e t al., 2006). Bio-flocculation m ay 
also be steered  by th e  choice o f  organic compound  used as food for th e
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bio-flocs. It is postu lated  th a t th e  addition  o f h igh-energy carbohy
dra tes like sucrose o r glucose sustains fast acidogenic g row th  (Tay 
e t al., 2000). The sooner acidogens are able to take up and m etabolize 
th e  substrate; th e  m ore rapidly th e  proton pum ps will be activated 
(proton tran slocation -dehydra tion  theory). This m ay resu lt in a faster 
and facilitated process o f  floe form ation. Finally, th e  production o f  
extracellular biopolymeric flocculants by bacteria, fungi, yeasts and 
algae can also be eng ineered  to som e extent. To prom ote  th e  overall 
aggregation efficiency o f th e  m icrobial biom ass, selecting for a s ta rt
up inoculum  w ith  co-aggregative species can be o f interest. Culture 
conditions like C/N-ratio, pH, tem p era tu re  and agita tion  speed w ith in  
th e  pond are  im p o rtan t factors for th e  activity o f these  organism s 
(Salehizadeh and Shojaosadati, 2001). A selection  o f th e  m ost 
adequate  floe form ing species for pond practice can be perform ed 
and  th e  resu lting  im p ro v em en t in th e  sta rtin g -u p  period  and 
flocculation efficiency should be assessed.

3.2. Quorum sensing as biological control

The grouping of m icro-organism s m ay be contro lled  by cell-to-cell 
in teraction  called quorum  sensing. Q uorum  sensing is th e  regulation  of 
gene expression program s (Spoering and Gilmore, 2006) and a w ay of 
cell-to-cell com m unication  be tw een  bacteria  th o u g h t to be d epending  
on cell density  (Lazazzera, 2000). It is know n to regulate th e  expression 
of genes encoding for th e  p roduction  o f lytic enzym es and toxins in 
biofilms (Cosson e t al., 2002; Defoirdt e t  al., 2004). By secreting  and 
detecting  small, signaling m olecules (JV-acyl-homoserine lactones or 
AHL's in case o f G ram -negative bacteria  and peptides in case o f  Gram- 
positive bacteria) th a t accum ulate in th e  surrounding  environm ent, 
bacteria  can induce a certain  response w hen  a signaling m olecule 
th resho ld  concentra tion  level is reached (M iller and Bassler, 2001). It 
has been show n th a t a w ild type Pseudomonas aeruginosa biofilm  was 
no t subject to flagellate grazing, w hereas grazing o f its quorum  sensing 
deficient m u tan ts P. aeruginosa rhIR/lasR could no t be avoided (M atz e t 
al., 2004). This indicates th a t a quorum  sen sing -dependen t m echanism  
m ay be involved in th e  p rotection  o f bacterial biofilms and m icro
colonies (Queck e t  al., 2006). Q uorum  sensing has been  show n to be 
active in biofilm s (Kjelleberg and Molin, 2002) and because o f the  
sim ilar bacterial cell density  in floes, it can reasonably be expected to 
be also active in floes. In addition, Valle e t al. (2004) and M organ- 
Sagastum e e t al. (2005) reported  AHL production  in different strains 
isolated from  activated sludge floes. Until now, th e  influence o f quorum  
sensing on biofilms, and th u s probably also on bio-flocs, has m ainly 
been show n to resu lt in a differentiation  of existing aggregated 
structu res (Liu e t al., 2006; Stanley and Lazazzera, 2004). It appears 
th a t th e  m icrocolony form ation, as it occurs in biofilms, induces an

activation o f th e  quorum  sensing m echanism s and finally results in a 
differentiated  biofilm. This w as show n in biofilm  experim ents w ith  
Aeromonas hydrophila and P. aeruginosa (Lynch e t al., 2002; Shrout 
e t al., 2006). A clear relationship  such as e.g. th e  excretion of signaling 
m olecules by m icro-organism s u n d e r starvation  c ircum stances resu lt
ing in flocculation has no t yet been  show n. Only one paper describes 
such a possible in teraction  (Johnson e t al., 2005). Co-cultivation of 
Thermotoga maritima  and  Methanococcus jannaschii induced increased 
flocculation com pared to a T. maritima  m onoculture. This could be 
re la ted  to an  increased  activ ity  o f th e  genes encoding  for th e  
production  o f polypeptide signaling m olecules know n to induce 
extracellular polym eric substance production. It seem s th a t cellular 
com m unica tion  in th is case can be considered  as a significant 
com ponen t in th e  m icrobial in teraction  for aggregation. Consistent 
w ith  this, Eboigbodin e t al. (2006) recently  show ed th a t  quorum  
sensing affects bacterial cell surface electrokinetic  properties. It was 
hypothesized  th a t th is w as due  to  changes in th e  com position or 
presence o f functional groups in th e  o u ter m em brane m acrom olecules.

It is possible th a t quorum  sensing m echanism s are a t hand in floes. 
The m olecular and biochem ical m echanism s involved in quorum  
sensing -dependen t biofilm  production  rem ain  far from  know n and 
com prise  an  in te res tin g  line o f exp lo ra tion . It is c e rta in  th a t 
aggregation  is th e  n e t resu lt o f m any in d ep en d en t in teractions in 
w hich  th e  quorum  sensing system  can play a role (Kjelleberg and 
Molin, 2002). Since th e  u n d e rs tan d in g  o f th e  q u o ru m  sensing 
m echanism s for m icro-organism s is far from  com plete, it is difficult 
for use in th e  control o f  BFT. However, som e in teresting  application 
prospective and related  research  certain ly  exists. For exam ple, the  
seeding o f q uorum  sensing species w ith in  th e  ponds m ay allow  th em  
to in tegrate  in th e  floes and th u s im prove floe form ation. A lternatively, 
th e  d isrup tion  o f cell-to-cell com m unication  in floes e.g. m ay possibly 
be used  as bio-control effect. Many pathogens in aquacultu re  have 
been  found to  control v irulence factor expression by q uorum  sensing. 
Inactivation or degradation  o f th e  signaling m olecules or th e  use of 
antagonistic  m olecules can possibly be developed (Defoirdt e t  al., 
2004). In bo th  cases, considerab le  research  efforts have to be 
perform ed to gain insight and u n derstand ing  o f th e  phenom ena 
before practical applications com e into perspective.

4. Factors influencing floe formation and floe structure in 
bio-flocs technology

The know ledge on how  to prom ote  floe form ation in activated 
sludge system s can be used for application in BFT. Yet, th e  param eters 
listed in Table 2 m ay need ad ju s tm en t to ob tain  good aggregation and 
high quality  o f th e  bio-flocs together w ith  optim al g row th  conditions

Table 2
Overview of the main operational parameters for bio-flocs technology based aquaculture, the floe parameters they influence and how  these can be manipulated

Parameter Floe parameters influenced Manipulation possibilities Related to

Mixing intensity/shear rate -  Floe structure and final floe size -  Choice of power input (W m -3)
-  Aeration device

-  Dissolved oxygen

Organic carbon source -  Chemical floe composition -  Type of organic carbon source -  Organic loading rate
(e.g. glucose, acetate, starch, glycerol) (fatty acids, lipids, protein, polyhydroxyalkanoates) -  Dissolved oxygen
Organic loading rate -  Microbial floe composition 

(filamentous vs. floe forming bacteria)
-  Chemical floe composition
(cellular reserves like polyhydroxyalkanoates)

-  Feeding strategy 
(continuous feeding or 
regular interval feeding)

-  Dissolved oxygen

Dissolved oxygen (DO) -  Microbial floe composition 
(filamentous vs. floe forming bacteria)

-  Choice of power input (W m -3) -  Mixing intensity

-  Floe structure and floe volume index -  Aeration device
-  Floe production in the pond vs. 
floe production in external unit

-  Organic carbon source
-  Organic loading rate

Temperature -  Floe structure and activity -  Addition of heat -  Dissolved oxygen
pH/ionics -  Stability of the floes -  Addition of acid/base; mono- or 

polyvalent ions
-  Alkalinity
-  Conductivity

The interrelation between the parameters is indicated.
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for th e  aquacultu re  organism s. In th e  nex t paragraph, th e  application 
o f these  param eters in BFT aquacultu re  is discussed. Since m ost of 
th em  are strongly in terrela ted , in m any cases it is no t easy to predict a 
certain  outcom e due  to  changing param eters. As far as known, no 
research  has been  perform ed on th e  relation be tw een  th e  operation  
param eters discussed below  and th e  functioning o f th e  BFT system s or 
bio-flocs quality. Therefore, th e  following can be seen as an  overview  
o f possible research  topics w ith in  th e  BFT aquaculture.

4.1 M ixing intensity

The m ixing intensity  im posed by a chosen aeration  device a t a 
certain  pow er input will de term ine  th e  steady-sta te  floe size, th is is 
th e  equilibrium  be tw een  th e  rate  o f aggregation and th e  ra te  o f 
breakage, and th e  floe size d istribu tion  (Chaignon e t al., 2002; Spicer 
and Pratsinis, 1996). In aquaculture, energy  dissipation in general is in 
th e  range o f 0 .1-10 W  m ” 3 (Boyd, 1998). However, in highly intensive 
system s, m ore realistic values can reach up  to 100 W  m ” 3. At h igher 
m ixing in tensities and th u s h igher shear rates, th e  average floe size 
decreases due to increased floe breakage. Biggs and Lant (2000) 
show ed in case o f activated sludge th a t for an  average velocity 
g rad ien t (or G-value) o f  19.4 s_1, th e  stable floe size was ca. 130 pm 
w hereas th is was decreased  to ca. 20 p m  for a velocity g rad ien t of 
346 s“ 1. The re lationship be tw een  floe size and m ixing in tensity  has 
been  rep resen ted  by Parker e t  al. (1972) w ith  th e  pow er law  
relationship  d=CC~x, w here  d is th e  m axim um  stable floe size, G is 
th e  average velocity gradient, C is th e  floe s treng th  com ponen t and x 
is th e  stable floe size com ponent. For BFT, th e  steady-sta te  floe size is 
an  im p o rtan t feature as it has a lready been  show n th a t th e  quality  of 
food for d ifferent aquaculture species is also d ep en d en t on  th e  food 
size (G aratun-T jeldsto e t  al., 2006; Knights, 1983). In o rder to  
rep resen t a nu trition  source, th e  food particle size in case o f e.g. cod 
larvae and Macrobrachium rosenbergii larvae should be w ith in  the  
range o f 2 5 0 -1 2 0 0  p m  (de Barros and Valenti, 2003).

4.2. Dissolved oxygen

A change in m ixing intensity, by alternative  aera tion  device or 
pow er input, will d irec tly  influence th e  dissolved oxygen  (DO) 
concentra tion  in th e  w ater. The DO level is no t only essential for the  
m etabolic activity o f cells w ith in  aerobic floes b u t it is also th o u g h t to 
influence floe structure. A tren d  tow ards larger and m ore com pact 
floes a t h igher DO concentra tions w as noted  by W ilen and Balmer 
(1999), a lthough  no clear relation  could be found w ith  average floe 
diam eter. Poorer settling properties, a sludge volum e index (SVI) o f on 
average 250 mL g_1, occurred a t low  DO values (0 .5 -2 .0  mg L_1) 
com pared to se ttling  a t h igher DO values (2 .0 -5 .0  m g L_1) w here  the  
SVI w as ca. 100 mL g” '. This can be ascribed to  th e  presence o f a h igher 
am o u n t o f filam entous bacteria  com pared to  th e  zoogloeal bacteria  a t 
DO levels o f less th an  or equal to 1.1 mg 0 2 L_1 as was observed by 
M artins e t al. (2003). As filam ents have a h igher affinity tow ards 
oxygen, they  are able to ou tcom pete  th e ir  zoogloeal coun terparts a t 
periods o f  oxygen lim itation  and th u s dom inate  th e  m icrobial floes 
(M artins e t al., 2003). From th e  previous, it can be expected  th a t bio- 
flocs w ith  a h igher floe volum e index (FVI) a re  produced a t low er DO 
levels in th e  bio-flocs ponds. W e suggest, a lthough  experim ental 
values a re  lacking, th a t th e  FVI should be h igher th an  200 mL g_1 to 
avoid th e  floes from  sed im en ting  too fast in regions o f low er 
tu rbulence. This gives th e  aquacultu re  organism s enough  opportun ity  
to  filter th e  floes from  suspension before th ey  sed im en t to  th e  bo ttom  
o f th e  ponds and are  lost as food. Negative im pacts o f  a h igher FVI 
however, like e.g. possible clogging o f fish gills, have to  be taken  into 
account as well. In addition, th e  g row th  characteristics and stress 
resistance o f aquacu ltu re  crop species largely d epends on th e  am o u n t 
o f  dissolved oxygen available in th e  w a ter (Colt, 2006; Huntingford e t 
al., 2006). For instance, exposing channel catfish to  periodic oxygen

levels o f  less th an  1.5 mg L_1 results in a decrease o f food consum ption  
by th e  fish, a low er average body w eigh t and a decreased  ne t 
production  (Torrans, 2005).

4.3. Organic carbon source

The dosing o f an  organic carbon source to th e  culture w a ter in bio- 
flocs ponds induces a decrease in dissolved oxygen levels due to 
aerobic m icrobial m etabolism . This m ay induce (sub)lethal effects on 
sensitive culture species (Landm an e t al., 2005). In such cases, it can be 
advised to grow  th e  he tero trophic  biom ass in external bio-flocs 
reactors ra th e r th an  w ith in  th e  cu ltu re  u n it itself. The externally  
grow n floes can be redirected  to th e  pond as food bu t w ith o u t 
inducing stress th rough  varying DO levels. The organic carbon can be 
supplied e ith e r as additional organic carbon source (e.g. glucose, 
acetate, g lycerol,...) or by changing  th e  feed com position  thus 
increasing its organic carbon co n ten t (Avnimelech, 1999). It is possible 
to theoretically  calculate th e  am o u n t o f organic m atte r needed  for an 
intensive pond, based  on th e  am o u n t o f n itrogen excreted by th e  
aquacultu re  species (Fig. 4). The organic carbon source o f choice will to 
a large degree de te rm in e  th e  com position o f th e  floes produced, this 
m ainly regarding th e  type and am o u n t o f storage polym ers (H ollender 
e t al., 2002; O ehm en e t al., 2004). It was observed e.g. th a t th e  dosing 
of aceta te  in an  SBR resulted  m ainly in poly-ß-hydroxybutyrate as 
storage polym er w hile these  w ere  3-hydroxy-2-m ethylvalerate and 
polyhydroxyvalerate in case o f p rop ionate  dosing (Yagci e t  al., 2007). 
Also, th e  costs o f th e  different organic carbon sources will be a 
de term in ing  choice factor (Salehizadeh and Van Loosdrecht, 2004). 
The road to go for BFT is th e  use  o f organic carbon sources th a t  are 
considered low -value p roducts in o th er processing units as e.g. 
glycerol, w hich is a by-product from  bio-diesel production  (Dube 
e t al., 2007).

4.4. Organic loading rate

The organic loading rate a t w hich  th e  organic carbon source is 
dosed in th e  w a ter is a m ajor process technical factor. Filam entous 
bacteria  have an  advantage over non-filam entous bacteria  a t low 
substra te  levels due  to th e ir h igher surface-to-volum e ratio. Moreover, 
th e  filam ents can p en etra te  outside  th e  floes and th u s are exposed to 
higher substra te  concentra tions th an  th e  non-filam entous bacteria  
th a t m ainly grow  w ith in  th e  floes (M artins e t  al., 2003). The organic 
carbon feeding stra tegy  can also be im po rtan t for BFT. The organic 
carbon can be added  in sm all am ounts and th u s a lm ost continuous 
m ode or be added  in larger doses bu t a t regular tim e intervals (e.g. 
1 day-1 ). The second type o f application is also know n as a feast and 
fam ine regim e (Salehizadeh and Van Loosdrecht, 2004) and results in 
tran s ien t conditions o f substra te  availability. The m icrobial biom ass 
stores cellular reserves like poly-ß-hydroxybutyrate u n d e r conditions 
o f excess n u trien t availability w ith  w hich th e  m icro-organism s can 
bridge th e  periods o f  n u trien t shortage. As described further, th e  
storage p roducts m ay be o f high im portance to th e  added  value th a t 
bio-flocs bring to aquaculture. As such, it m ay no t be advisable to 
apply th e  organic carbon sources in continuous m ode if th e  goal is to 
produce reserve m aterials.

The param eters described  above can all be ad ju s ted  in the  
aquacu ltu re  system s. Two o th er param eters are  also know n to 
influence floe characteristics b u t are m ore difficult to change.

4.5. Temperature

The influence o f temperature is complex. Researches have been 
perform ed on activated sludge sam ples to find a relation be tw een  
tem p era tu re  and floe s treng th  or floe m orphology. W ilen e t al. (2000) 
found th a t deflocculation o f th e  floes occurred a t low er tem p era tu re  
(4 °C) com pared to h igher tem p era tu res (1 8 -2 0  °C), probably due to a



132 P. De Schryver et al. /  Aquaculture 277 (2008) 125-137

^4
Fish density: 50 kg m 'J pond

Daily am ount o f  organic carbon needed for nitrogen assimilation: 
ca. 360 g C m ' 3 d ' 1

k

A C/N -ratio o f  10 is needed by the m icro
organism s (A vnim elech, 1999)

Daily am ount o f  nitrogen ending up in the water: 
ca. 36  g nitrogen m ' 3 d ' 1

Daily dosage o f organic com pound ca. 
720 g dry m atter m ' 3 d ' 1

Daily feeding o f  2% on fish weight 
(C raig and Heffrich, 2002)

ca. 50%  o f  dry m atter for m ost organic com pounds is carbon

Daily am ount o f  feed dosed in the pond: 
ca. 1 0 0 0  g feed m ' 3 d ' 1

On average 30%  o f  fish food is protein

1>

Daily am ount o f  protein dosed in the pond: 
ca. 300 g  protein m ' 3 d ' 1

On average 75%  o f  the total feed-N ends up in the w ater 
(am m onification o f  unused feed + excretion by culture 

species) (Piedrahita, 2003)

16%  o f  protein is nitrogen (C raig and 
H elffich, 2002)

Daily am ount o f  nitrogen dosed in the pond: 
ca. 48 g N m ' 3 d ' 1

Fig. 4. Schem atic calculation o f the  daily am o u n t o f organic carbon needed  by bio-flocs to rem ove th e  n itrogen  excreted in an intensive aquacu ltu re pond o f 50 kg fish m  3.

decrease o f th e  microbial activity w ith in  th e  floes. Krishna and Van 
Loosdrecht (1999) observed th a t h igher tem p era tu res (3 0 -3 5  °C) 
resulted  in bulking o f th e  sludge (SV1>500 mL g_1) due to the  
excessive p roduction  of ex tracellu lar polysaccharides. From th e  
previous, it can be expected th a t an  in te rm ed iate  w a ter tem p era tu re  
o f 2 0 -2 5  °C w ould  be b est to ob tain  stable floes w ith  an  in term ediate  
floe volum e index o f abou t 200 mL g_1. The tem p era tu re  is o f m ajor 
im p ortance  for th e  m icrobial m etabolism , also concern ing  th e  
previously m entioned  storage polym ers th a t m ay be im po rtan t for 
aquaculture. It was show n th a t h igher tem p era tu res (35 °C) can result 
in up  to 75% less PHB form ation com pared to  low er tem pera tu res 
(15 °C) (Krishna and Van Loosdrecht, 1999). The tem p era tu re  is closely 
linked to th e  am o u n t o f  dissolved oxygen in th e  w ater (Boyd, 1998). 
The culture species will thus no t only be influenced by th e  chosen 
tem p era tu re  (changes in grow th  rates, food conversion efficiencies 
and even m ortality), b u t also by th e  associated dissolved oxygen level. 
The w a ter tem p era tu re  in BFT ponds is no t a factor th a t  can be easily 
adjusted  w ith o u t im posing considerable additional operating  costs, 
especially in ou tdoor ponds. In m ost cases, th e  clim atic conditions 
de te rm ine  th e  operation  tem p era tu re  and th u s th e  species th a t can be 
cultured.

4.6. pH

Changes in pH  de term ine  th e  stability  o f th e  bio-flocs p resen t in 
th e  ponds (M ikkelsen e t al., 1996). In several fish experim ents, pH has 
been show n to be an  env ironm ental stressor resulting in aberran t 
physiological functioning, o f course depending  on  th e  species. For 
various salm onids, near-lethal or sub-lethal pH levels are 4 .2 -5 .0  
causing d ecreased  osm otic  pressure , and increased  hem atocrit, 
p lasm a pro tein  concentra tion , and blood viscosity (Portz e t al., 
2006). However, in case additional stressors like handling are absent,

it seem s th a t tilapia are able to acclim ate to pH 4.0 w ith o u t negative 
im pacts on physiology (vanG inneken e t  al., 1997). Upper range levels 
also exist like a pH value of ca. 10 for th e  Klamath Largescale and 
Shortnose sucker (Portz e t al., 2006). In general, nex t to th e  fact th a t  it 
is no t an  easy param eter to control, possible changes in pH are  lim ited 
to  th e  optim al range for th e  cu ltu red  anim als to avoid m ortality  and 
disfunctioning.

5. Biological bio-floc monitoring technologies for aquaculture

The m ost obvious w ay to  de term ine  th e  presence and type of 
m icro-organism s in a sam ple is microscopy. However, since the  
m ethod  is based  on  visual m orphology it is generally  no t possible to 
identify them . It can be used to gain a value o f th e  p roportion  of 
filam entous and zoogloeal floes w ith in  a w ater sam ple.

The FISH procedure is based on th e  b inding o f fluorescently labeled 
DNA probes w ith  th e  ribosom al RNA (= rRNA) of bacteria  (Am ann 
e t al., 1995). The DNA probes can be designed to exclusively bind to the  
rRNA o f a chosen  type o f m icro-organism  and th u s allow  to d e tect a 
certain  species in a com m unity. Since rRNA is only p resen t in 
biologically active organism s, it only allows to d e tect th e  ones th a t 
a re  perform ing a specific task  (non-active cells are no t detected).

R eal-tim e po ly m erase  ch a in  reac tio n  (PCR) is a m olecu la r 
technique th a t  allows to sim ultaneously  am plify and quantify  the  
ex tracted  DNA from  a sam ple (Heid e t al., 1996). This technique is very 
often  used to  de te rm in e  th e  am o u n t o f a certain  type o f m icro
organism s in a sam ple o r to  de te rm ine  th e  relative p roportion  of 
d ifferent types o f genes. A quan titative  array  allows for th e  sim ul
taneous quantification o f phylogenetic and functional genes involved 
in th e  activity  o f in terest, e.g. nitrification and denitrification  p ro 
cesses (Geets e t  al., 2007). As such, th e  evolvem ent o f  a com plete 
system  can be analyzed.
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Fig. 5. Exam ple o f m oving w indow  analysis: m oving w indow  correlation  on th e  DNA 
level of am m onia oxidizing bacteria in a sequen tial batch  reacto r (AOB-SBR) and  in a 
m em brane b ioreactor (AOB-MBR). The variability b e tw een  tw o consecutive sam pling 
dates (Afweet)) w as calculated based  on the  dena tu ring  g rad ien t gel e lectrophoresis 
pa tterns. The sequential bioreactor reveals a stab le  perform ance (A,(Weekj=12.6±5.2) 
w hile th e  m em brane b ioreactor show s a variable perform ance (A^week^= 24.6±14.3) 
(W ittebolle e t a l ,  2005).

Denaturing g rad ien t gel electrophoresis (DGGE) is a m olecular 
approach  th a t furnishes inform ation concerning th e  genetic microbial 
diversity  w ith in  any sam ple such as water, sludge, air, etc. (M uyzer 
e t al., 1993). The techn ique is based on th e  separation  o f extracted  and

by PCR am plified genes (m ostly  16S rRNA genes), unique for a group o f 
m icro-organism s. The analysis o f an  env ironm ental sam ple by m eans 
of DGGE results in a band p a tte rn  in w hich roughly each band 
represen ts a specific m icro-organism .

The inform ation th a t can be ob tained  from  a DGGE band p a tte rn  
is lim ited, except for com parative purposes. For instance, only 
bacteria  th a t are p resen t a t m ore th an  1% of th e  total com m unity  are 
detected . The technique is m ostly used  as a research  tool to visualize 
shifts in th e  m icrobial population  com position in tim e. Elowever, in 
th is review  som e relatively new  concepts th a t offer th e  possibility to 
m ake use  o f th e  DGGE band p a tte rns in an  alternative  w ay are 
presented:

Moving w indow  analysis is a techn ique based on DGGE to d e tect 
shifts in th e  m icrobial com m unity  in tim e (W ittebolle e t al., 2005). The 
DGGE p a tte rn s from  sam ples taken  subsequently  in tim e can be 
com pared and th u s reveal a t w h a t rate th e  m icrobial com m unity  is 
changing (Fig. 5). By m eans o f Bionumerics softw are (Applied Maths, 
Sint-M artens-Latem , Belgium), DGGE p a tte rn s can be analyzed and 
com pared , th e reb y  quantify ing  th e  differences. The percen tage  
change be tw een  tw o  subsequen t sam ples (= % sim ilarity) can be 
plo tted  in function o f tim e.

Pareto-Lorenz curves can be m ade based on th e  DGGE p a tte rn  o f 
one sam ple (= one lane in th e  pattern). The cum ulative p roportion  o f 
band in tensities (= cum ulative proportion  o f abundances) is p lo tted  as 
function o f th e  cum ulative p roportion  o f DGGE bands (= cum ulative 
proportion  o f species), th e  la tter w ith  th e  h ighest proportions first. 
This results in th e  Pareto-L orenz curves (Fig. 6) (Lorenz, 1905;
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1 0.2 10 0,42 10 0.26 2 0.2
2 0.2 6 0,25 8 0.21 2 0.2
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4 0.2 3 0,12 8 0,21 2 0.2
5 0.2 1 0,04 4 0,11 2 0,2

Total: Total: Total: Total: Total: Total: Total: Total:
5 1.0 24 1,0 38 1,0 10 1.0

Fig. 6. Exam ple on  ho w  to  calculate th e  Pareto-L orenz curves m ade  u p  o u t o f  th re e  sam ples A, B and  C based  on  DGGE analysis. This m ay  b e  a  tool to  m on ito r th e  m icrobial com m unity  
evolu tion  in  BFT.
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M ertens e t al., 2005). If every  m icro-organism  (= DGGE band) is 
p resen t in an  equal am o u n t (= DGGE band intensity), th e  curve reveals 
a perfect evenness (= th e  diagonal).

Both techn iques m ay be in te res tin g  for app lication  in BFT. 
Relations be tw een  th e  shifts in m icrobial populations and changes 
in p e rfo rm an ce  m ay be e stab lish ed . For BFT, p a rticu la rly  an 
incom plete nitrogen rem oval o r a change in floe volum e index 
(filam entous bacteria  vs. floe form ing bacteria) is o f critical im por
tance. It m ay even  be possible to establish a m axim um  change value 
for th e  system  and larger variations w ould suggest an  im m ature  
system.

6. Nutritious compositions and protective effects of 
floes for aquaculture

BFT offers th e  p o ten tia l to use  zero-exchange recirculation  
aquaculture system s. However, th e  added  value th a t bio-flocs bring 
to aquaculture is m ainly d e te rm ined  by th e ir potential to be used  as 
additional fish food. Currently, m ost o f  th e  need for th e  essential 
com pounds in fish food is fulfilled in th e  form  of fishm eal and fish oil, 
due to th e ir optim al nu tritional quality  (W atanabe, 2002). It is 
com m on practice th a t 1.0-5.0 kg o f fish has to be caught in the  
oceans to be able to produce 1.0 kg o f live aquacultu re  fish (Naylor 
e t al., 2000). It rep resen ts a non-susta inab le  w ay of producing food 
th a t can be solved by th e  production  of new  biom ass (m icro-algae 
and hetero troph ic  bacteria) grow n on th e  n u trie n t w aste  stream s of 
aquaculture system s. The new  biom ass is used  as a lternative  food 
source (Avnimelech, 2006; Hari e t  al., 2006; Ponis e t al., 2003; 
Spolaore e t  al., 2006; W ang, 2003). In th is view, th e  nutritional 
co m p o sitio n  o f  th e  b io-flocs is o f u p p e rm o s t im p o rtan ce  to 
econom ically produce a healthy, high quality  p roduct (W atanabe, 
2002). M ost fish farm ers use  com plete d iets com prising protein  (18- 
50%), lipid (10-25%), carbohydrate (15-20%), ash  (<8.5%), phosphorus 
(< 1.5%), w a ter (<10%), and trace am oun ts o f  v itam ins, and m inerals 
(Craig and Helfrich, 2002). The com position  o f th e  produced floes 
should th u s be com pared w ith  these  values. High protein, poly
u n sa tu ra ted  fa tty  acid (PUFA) and lipid co n ten t are  th e  m ost 
im po rtan t param eters de term in ing  th e  feasibility o f th e  bio-flocs as 
feed in aquaculture.

Not only th e  nu tritional value o f th e  bio-flocs is im portan t. O ther 
in ternal com pounds m ay also be beneficial to th e  aquaculture species. 
Short chain  fatty  acids as bio-control agents against pathogenic 
diseases a re  o f particular in terest. It w as reported  th a t th e  application 
of 20 mM o f butyric  acid (as was th e  case w ith  formic, acetic, 
propionic o r valeric acid) to th e  cu ltu re  w ater o f Artemia franciscana 
resulted  in th e  p rotection  o f these  organism s against pathogenic Vi
brio campbellii (Defoirdt e t al., 2006). In th is respect, research  
concerning certain  special com ponents in m icrobial cells is w ar
ranted. Em phasis can be pu t on  th e  organic storage product poly-ß- 
hydroxybutyrate (PHB). This is a intracellular biodegradable polym er 
produced by a w ide varie ty  o f m icro-organism s and is involved in 
bacterial carbon and energy  storage (Defoirdt e t al., 2007). It is 
considered to be depolym erised  in th e  gu t o f h igher organism s and 
has also been  show n to act as a preventive o r curative p ro tector o f A. 
franciscana  against Vibrio infections (Defoirdt e t al., 2007). The 
accum ulation o f PHB by m ixed cultures in BFT can occur under 
specific conditions d e term ined  by th e  presence o f a g row th  lim iting 
factor such as nitrogen and th e  presence o f an excess carbon source 
(Salehizadeh and Van Loosdrecht, 2004). Upon release from  the 
bacterial cell, e.g. in th e  case o f  cell d ea th  and lyses, degradation  of 
PHB is perform ed by th e  activity  o f extracellular PHB depolym erase 
enzym es w hich  are w idely d istribu ted  am ong bacteria  and fungi 
(Jendrossek and Handrick, 2002). This results in th e  release o f 3- 
hydroxybutyrate into th e  surrounding env ironm en t (Trainer and 
Charles, 2006). As such, PHB m ight offer a prebiotic advantage for 
aquaculture.

7. Overall added value of bio-flocs technology for aquaculture

The added  value th a t BFT brings to aquacultu re  is represen ted  by 
th e  reduced costs for w ater trea tm e n t th a t is no t needed  anym ore. 
Crab e t al. (2007) gave an  overview  o f th e  costs for d ifferent trea tm en t 
techniques ranging from  1.1 €  kg-1 o f annual fish p roduction  in case o f 
ro tating  biological contactors to 0.2 €  kg-1 annual fish p roduction  in 
case o f fluidized sand bio-filters. Bio-flocs do no t allow  for a com plete 
rep lacem ent o f th e  trad itional food b u t still can bring abou t a 
substantial decrease o f th e  processing cost since th e  food represen ts 
40-50%  o f th e  total production  costs (Craig and Helfrich, 2002). 
C urrent research  should m ainly focus on  th e  com position o f these  in 
situ  feed products, m axim izing th e ir energy  co n ten t and assess their 
d igestibility  for th e  aquacultu re  species.

The potential savings on  food th a t can be obtained by BFT can be 
theoretically  calculated. Tilapia can e.g. be produced w ith  food a t a 
30% protein  co n ten t and a t an  average food conversion ratio o f 2.2 
(Kang'om be e t al., 2007):

• For a Tilapia culture u n it w ith o u t application  o f bio-flocs technology, 
th e  feed conversion ratio can be taken  2.2 w ith  30% protein  feed: 
W ith o u t floes, 2.2 kg feed is dosed kg-1 fish produced (feed con
version ratio o f 2.2)

-» 0 .3x 2 .2 = 0 .6 6  kg protein  is dosed kg-1 fish produced (30% protein 
co n ten t in feed)

-» 0.25x0.66=0.17 kg protein  is taken  up kg-1 fish produced (25% of 
th e  feed is taken  up  by th e  fish). This is in accordance w ith  the  
pro tein  co n ten t o f 14-17% on w e t fish biom ass for tilapia earlier 
reported  (Hanley, 1991).

• In a system  w ith  bio-flocs, pa rt o f th e  feed will be recycled into floes, 
w hich  can also be used by th e  anim als as feed source. Therefore, 
less conventional feed needs to be dosed to th e  w ater. Take F the  
a m o u n t o f  conventional feed added  to th e  system  if BFT is applied: 
W ith  floes, F kg feed is dosed kg-1 fish produced

-» (0.3 x f )  kg pro tein  is dosed kg-1 fish produced 
-» 0 .3 x (0 .2 5 x f)= 0 .0 7 5 x f  kg pro tein  is taken  up kg-1 fish produced 

75% of the conventional feed is thus unused and recycled into the  floes: 
-» (0 .7 5 x f)  kg feed is recycled 
-» 0 .3 x (0 .7 5 x f)= 0 .2 3 x f  kg pro tein  is recycled

Assum e th a t th e  fish also take in only 25% of th e  floes:
-» 0 .2 5 x (0 .2 3 x f)= 0 .0 6 x f  kg pro tein  is taken  up o u t o f th e  floes per 

kg fish produced
• Calculation o f the  am oun t o f external feed needed w hen  BFT is applied 

The total protein requ irem ent by th e  fish is 0.17 kg protein kg-1 fish 
produced:

-» Total pro tein  req u irem en t= p ro te in  obtained from  feed + protein 
ob tained  from  th e  floes=0.17 

-» Total p rotein  req u irem en t=(0.075 x f + 0.06 x f ) = 0.17 
-» The am o u n t o f feed th a t still needs to be applied (F) is ca. 1.3 kg
• Calculation o f the  am oun t o f organic carbon needed to grow  the floes: 
-» 0.75x1.3 = 1.0 kg of the  decreased feed am oun t (at 1.3 kg feed kg-1

fish produced) is unused by the  fish (75% of the  feed for fish is unused) 
-» 0 .3 x l.0 = 0 .3  kg protein  is unused  kg-1 fish produced (assum ed 

pro tein  co n ten t in feed is 30%)
-» 0 .16x0.3=0.048 kg n itrogen is unused  kg-1 fish produced (16% 

nitrogen co n ten t in protein) and is recycled into floe biom ass 
The floes have a C/N-ratio o f  4  (Avnimelech, 1999)

-» 4x0 .048= 0 .19  kg C in floe biom ass is produced kg-1 fish produced 
since all th e  excess nitrogen should be assim ilated in th e  bio-flocs 
The yield o f bacterial biom ass can be taken  to be 0.5 (Avnimelech, 
1999)

-» 0.19/0.5=0.38 kg C needs to be added  in th e  w a ter for th e  floes to 
be able to assim ilate th e  excess n itrogen  kg-1 fish produced 
In case aceta te  (40% C) is used as organic carbon source:

-» 0.38/0.4=0.95 kg aceta te  needs to be dosed to th e  w a ter kg-1 fish 
produced
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Table 3
Calculation o f th e  relative difference in  operation  system  costs for tilapia cu ltu re  (€  kg~' fish annually  p roduced) b etw een  system s opera ted  w ith  a nitrifying trickling filter and  
system s opera ted  w ith  bio-flocs technology

Bio-flocs technology in the  aquacu ltu re pond Nitrification in a recirculating aquacu ltu re system  by a trickling filter

1. Capital in vestm en t cost
No ex tra  reac to r investm en t costs required

2. O perational costs 
* Cost for carbon supp lem enta tion :
The rem oval o f 13 140 kg NH4-N  yr '•a requires 131 400  leg C y r 1 a t a C /N-ratio o f 10. 
In case o f e.g. acetate  (38% C based  on w eight), th is yields an aceta te  requ irem en t 
o f 345 800  kg acetate  yr~ '. A t a un it cost o f 0.4 €  kg~1 acetate  
(Salehizadeh and  Van Loosdrecht, 2004), this corresponds to 138 000  € yr~ '.

1. Capital in vestm en t cost
The in vestm en t costs for a trickling filter can be estim ated  to  be
5 1 0 0 0 0 0  € for the  tre a tm e n t o f 5 000  m 3 w ate r day
(=5 tim es th e  w a te r volum e) (USEPA, 2000). A t a pay-back over
20 years a t  an  in te res t of 10%, th is corresponds to an  annu ity  o f 280 000 € yr~

2. O perational costs
* Cost for aeration:
Stoichiometrically, nitrification requires 4.34 g (>, g 1 N
(Eding e t  al., 2006). An am m onium  production  o f 13 140 leg N y r“ 1
requires 57 000  leg 0 2 y r  '. A erators for aquacu ltu re purposes
have on average a s tanda rd  aera tion  efficiency o f 2.0 leg 0 2 IcW 1 lí 1
(Boyd, 1998), resu lting  in an  annual energy  consum ption  o f 28 5 0 0  kWh.
At a cost o f ca. 0.1 €  leWiT ', th is correspond  to  a cost o f ca. 2 850 € yr
* Cost for w a te r rep lacem ent:
In RAS, an  average daily w a te r rep lacem en t o f 10% o f th e  w ate r volum e 
is required  (Tw arow ska e t a l , 1997). At a pond  volum e of 1 000  m 3, 
this results in a w a te r volum e o f 100 m 3 th a t needs to be replaced  every day. 
At a cost o f 0.28 € in 3 in e.g. Israel (Avnimelech, 2006), 
this results in a cost o f ca. 10 000  € yr~1

Overall costs in relation  to (1) h 
0.28 € kg~' fish live w eigh t

(2) pe r am oun t o f fish annually  produced Overall costs in relation  to  (1) h 
0.59 € kg~1 fish live w eigh t

(2) p e r  am o u n t o f fish annually  produced

A tilapia farm  w ith  an annual production  o f 500 ton, a volum e o f 1 000  m 3 and  operated  a t a fish density  o f 50 leg fish m  3 is rep resen ted . 
a The am o u n t o f n itrogen  th a t is produced  in a tilapia farm  a t a fish density  o f 50 leg in 3 is based  on th e  data  p resen ted  in Fig. 4.

• Calculation o f th e  cost saving for th e  tilapia b reed  by th e  application 
o f BFT The costs for th e  production  o f 1 kg fish w ith o u t BFT:

-» 2.2 kg feed kg-1 fish produced * 0 .6 € k g _1 feed (in Belgium)=1.3 € 
kg-1 fish produced
The costs for th e  production  o f 1 kg fish w ith  BFT:

-» (1.3 kg feed kg-1 fish p roduced* 0.6 €  kg-1 feed)+(0.95 kg acetate kg 
_1 fish p ro d u c ed *0.43 €  kg-1 aceta te  (Salehizadeh and  Van 
Loosdrecht, 2004)) = 1.19 €  kg-1 fish produced.

The gain th u s appears to  be in th e  o rder o f 10% in term s o f feed 
costs kg-1 fish produced. For an  intensive cu ltu re  system  producing a t 
e.g. 500 ton  fish y r-1, this rep resen ts a gain o f 65 000  €  y r-1. Clearly, 
these  econom ics are only indicative and d epend  largely on th e  price of 
organic carbon source added. Moreover, th e  potential gain on feed 
(here  estim ated  to be in th e  o rder o f 10%) m u st be com pared to 
possible increase o f costs if one has to invest in w a ter trea tm e n t in 
w hich  n u trien ts are rem oved by processes such as e.g. nitrification/ 
denitrification  (Crab e t al„ 2007). In Table 3, th e  difference in cost 
con tribu tion  to th e  fish price resulting from  th e  application o f a 
nitrifying trickling filter and lim ited w a ter exchange is com pared w ith  
th a t resulting  from  application  o f BFT. In th is calculation, only the  
costs th a t a re  specific for each o f th e  tw o techniques and th u s resu lt in 
a different price o f th e  end product a re  taken  into account. For 
exam ple, th e  energy  for th e  extra  aera tion  required  to sustain  the  
m icrobial m etabolism  in th e  bio-flocs technology is considered to be 
o f  th e  sam e o rder o f m agnitude as th e  pum ping energy  requ irem ents 
to  supply th e  nitrification filter in RAS w ith  w ater (Avnimelech, 2006). 
Therefore, these  aspects will no t yield a m ajor difference in fish price 
and as such are  no t included in th e  cost calculations. Since this cal
culation is m ade for com parison, th e  actual cost for application  o f these  
techniques should also include labour, m aintenance, etc. and thus 
will be h igher th an  th e  represen ted  values per kg fish live weight. In 
Table 3, it is estim ated  th a t th e  con tribu tion  resulting from  BFT is 
abou t half o f  th a t resulting  from  th e  nitrifying trickling filter operation.

8. Conclusions

Intensive aquacultu re  m ust deal w ith  its im pacts on  th e  env iron 
m en t in th e  form  o f w a ter pollution and th e  use o f  fish oil respectively 
fishm eal. BFT offers th e  possibility to sim ultaneously  m ain tain  a good

w ater quality  w ith in  aquacu ltu re  system s and produce additional food 
for th e  aquacultu re  organism s. A good u n derstand ing  o f th e  m icro
scopic m echanism s th a t are involved in bio-flocculation, e.g. advective 
flow and quorum  sensing, will be im po rtan t for future BFT practice. 
These will a rg u m en t ou r capability  to steer th e  m icrobial aggregation 
to obtain  optim al m orphological characteristics (floe size and floe size 
d istribu tion) to serve as food for th e  culture species. Currently, 
research is m ainly focusing on th e  n u trien t rem oval from  th e  w ater 
and no t so m uch on th e  com positional aspects (protein, po lyunsatu
ra ted  fatty  acids, lipids, po ly-ß-hydroxybutyrate ,...) o f  th e  bio-flocs, 
a lthough  th e  la tter can rep resen t a m ajor added  value for aquaculture. 
The nu tritional value o f th e  bio-flocs, as well as th e ir m orphological 
characteristics, are d ep en d en t on  a large set o f  operational param eters 
curren tly  un d er developm en t in BFT aquacultu re  system s. Mixing 
intensity, dissolved oxygen, organic carbon source, organic loading 
rate, tem p e ra tu re  an d  pFl a re  all in fluencing  factors th a t  are 
in terrela ted . The effects th ey  exert on  th e  bio-flocs are largely 
unknow n and th u s w arran t in d ep th  investigation. Research should 
focus on th e  optim al w ay to m anage th e  BFT aquacultu re  ponds w ith  
respect to optim al floe m orphology and com positional and nutritional 
value o f th e  floes so th a t indeed it can replace bo th  w ater trea tm en t 
and protein  supply based on fishery products.
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