
Ge ne ra ti on of lar ge qu an ti ti es of was te wa ter by 
po ul t ry farms re pre sents a gra ve en vi ron men tal ha -
zard [1]. The po ul t ry was te wa ter are cha rac te ri zed by
high con cen t ra ti ons of or ga nic con ta mi nants and bi o -
ge nic ele ments, pri ma ri ly nit ro gen (N) in the form of
am mo ni um and/or nit ra te as well as phos p ho rus (P),
and high abun dan ce of pat ho ge nic mic ro or ga nisms.
Un less tre a ted pro per ly, po ul t ry was te wa ter dum ping
is il le gal sin ce it le ads to eut ro p hi ca ti on and con ta mi -

na ti on of soil and wa ter bo di es with pat ho ge nic mic ro -
or ga nisms [2—5].

The ava i la bi li ty of en vi ron men tal ly safe tec h ni -
qu es for uti li za ti on of lit ter, farm and pro ces sing was -
te wa ter is among the key con s t ra ins of po ul t ry far -
ming. This prob lem is exa cer ba ted by the mass con s t -
ruc ti on of lar ge po ul t ry farms in con sent with the
trend of in ten si fi ca ti on and in dus t ri a li zing of ag ri cul -
tu re [5].

72

Биотехнология, 2016, № 2, С. 72—81

Эко ло гия

UDC 579 

A.E. SOLOVCHENKO, L.R. SEMENOVA, I.O. SELYAKH, P.N. SHCHERBAKOV, K.A. CHEKANOV, 
O.B. CHIVKUNOVA, G.A. DOLNIKOVA, and E.S. LOBAKOVA*

The Bioengineering Dept., Faculty of Biology, Lomonosov Moscow State University, 119234 Moscow Russia

e-mail: elena.lobakova@rambler.ru
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Bio remed iat ion

The po ten ti al of the use of a new mic ro al ga stra in Chlo rel la vul ga ris IP PAS C-2015 (Chlo -
rop hy ta, Tre bo u xi op hy ceae) for po ul t ry was te wa ter tre at ment has been stu di ed. The ar ti fi -
ci al was te wa ter (AWW) from chic ken lit ter that mi mic ked real po ul t ry was te wa ter was
pre pa red, and the ef fi ci en cy of the bi o re mo val of the inor ga nic ani on from it and des t ruc ti -
on of the or ga nic con ta mi nant in it du ring the new stra in of C. vul ga ris se mi-con ti nuo us
cul ti va ti on was as ses sed. Af ter three days of C. vul ga ris cul tu ring, the ini ti al nit ra te and or -
t hop hos p ha te le vels in AWW dec re a sed by more than 90% and more than 48%, res pec ti ve -
ly, and or ga nic com po unds were de gra ded by 80% on ave ra ge (jud ging by che mi cal oxy -
gen con sum p ti on). Du ring the cul ti va ti on of the mic ro al gae in AWW, the bac te ria as so ci a -
ted with the C. vul ga ris pre-cul tu re gra du al ly rep la ced the bac te ria cha rac te ris tic of the
AWW. The mic ro al ga bi o mass grown in AWW con ta i ned a gre at amo unt of po ly un sa tu ra -
ted long-cha in fat ty acids from the С18 fa mi ly. The ca pa ci ti es of the new C. vul ga ris stra in
of be ing used in the com bi ned po ul t ry was te wa ter tre at ment and uti li za ti on of the re sul -
ting bi o mass are dis cus sed to get her with the po ten ti al ad van ta ges of the mic ro al gae-ba sed 
over con ven ti o nal bi o lo gi cal was te wa ter tre at ment tec h no lo gi es.
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The ef fi ci ent tre at ment of po ul t ry was te wa ter
is fe a sib le with the use of con tem po ra ry tre at ment
plants and mul ti-sta ge he te rot rop hic mic ro or ga -
nism-ba sed pro ces ses de sig ned for mu ni ci pal was te -
wa ter tre at ment [1, 5]. Ho we ver, po ul t ry farms now
scar ce ly use the se ap pro ac hes due to the ir com p le xi ty
and de arth pre fer ring va rio us com bi na ti ons of se di -
men ta ti on ponds and ir ri ga ti on fi elds [5]. In ad di ti on
to that, the per for man ce of con ven ti o nal tre at ment ap -
pro ac hes is po or du ring the cold se a son. Mo re over,
the bulk of bio a va i lab le N and P from the was te wa ter
is ir re ver sib ly lost due to de nit ri fi ca ti on and bin ding
to in so lub le com p lex com po unds. For more de ta il on
the was te wa ter uti li za ti on, see the re cent re vi ews
[6—8]. 

Most of the cur ren t ly known tec h no lo gi es for
the pro ces sing of chic ken lit ter ava i lab le in Rus si an
Fe de ra ti on and ab ro ad are cos t ly, la bo rio us, and re qu i -
re ap prop ri a te equ ip ment, which is una ccep tab le for
the ma jo ri ty of mar gi nal ly pro fi tab le farms [5, 6]. At
the same time, sin g le-cel led pho toa u tot rophs (fur t her
re fer red to as mic ro al gae, MA) were for a long time
con si de red as po ten ti al or ga nisms for was te wa ter tre -
at ment [9]. Des pi te this, the in ves ti ga ti on of deep -tre -
at ment of ag ri cul tu ral was te in c lu ding was te wa ter
with in ten si ve cul tu res of MA only star ted re cen t ly.
The ad van ta ges of MA-ba sed ap pro ach in c lu de the ef -
fi ci ent re mo val of bi o ge nic ele ments by MA cells, the
des t ruc ti on of or ga nic con ta mi nants and sup pres si on
of pat ho gens by pho to syn t he ti cal ly ge ne ra ted oxy gen 
[10]. The MA-ba sed tre at ment is a more en vi ron men -
tal ly fri en d ly pro cess due to lac king of se con da ry was -
te, e.g. spent ac ti ve slud ge. A fur t her ad van ta ge com p -
ri ses in the ge ne ra ti on of mic ro al ga bi o mass en ric hed
by va lue-ad ded com po unds (pro te ins, an ti o xi dants, vi -
ta mins) with si mul ta neo us pho to syn t he tic as si mi la ti on 
of tec h no ge nic car bon di o xi de [11]. The li pid-and/ or
car bo hyd ra te-en ric hed bi o mass grown in was te wa ter
[12] can also be pro ces sed into va rio us bi o fu els in c lu -
ding bi o di e sel, bi o met ha ne, bi o hyd ro gen, etc. [13].
The N- and P-en ric hed mic ro al ga bi o mass can also be 
con ver ted into slow-re le a se bi o fer ti li zers [14].

Ne ver t he less, the de ve lop ment of ef fi ci ent bi o -
tec h no lo gi es for po ul t ry was te wa ter bi ot re at ment de -
mands mic ro al ga stra ins with a cer ta in com bi na ti on
of tra its which scar ce ly oc cur in na tu re. Thus, can di da -
te stra ins for po ul t ry was te wa ter bi o re me di a ti on sho -
uld be to le rant to high con cen t ra ti ons of bi o ge nic ele -
ments [15] and ot her pol lu tants spe ci fic to a part icu lar 
was te wa ter type. The se or ga nisms sho uld ef fi ci en t ly
ab sorb and/or de com po se pol lu tants [10], po ssess a
fast growth and high ac cu mu la ti on ra tes of bi o mass
[8] en ric hed by va lue-ad ded fat ty acids. In view of the 
prob lems out li ned abo ve, we as ses sed the po ten ti al of 

a new Chlo rel la vul ga ris stra in IP PAS-C2015 in the
bi o re me di a ti on of po ul t ry was te wa ter.

EXPERIMENTAL

Mic ro al gae and cul ti va ti on con di ti ons

The pre vio us ly ob ta i ned in our la bo ra to ry Chlo -
rel la IP PAS-C2015 stra in ser ved as a subject in the
pre sent work. The mic ro al ga cells were batch-cul ti va ted
in 500-ml Er len mey er flasks with 300 ml of BG-11
[16] me di um or ar ti fi ci al was te wa ter (AWW, see be -
low) at 25 С, con ti nuo us sha king (80 rpm) and il lu mi -
na ti on by da y light flu o res cent tu bes (80 µmol PAR qu -
an ta m–1 s–1) in an In no va 44R (New Brun s wick, USA) 
sha ker. To as sess the po ten ti al to xic ef fect of am mo -
nia, BG-11 me di um was mo di fi ed to the BG-11M va ri -
ant by the sub s ti tu ti on of Na NO3 for NH4NO3 in a
2.5-fold mo lar ex cess as com pa red to the ori gi nal me -
di um com po si ti on [16]. In the se ex pe ri ments, the ini ti -
al bi o mass con tent was 0.8 g l–1 dry mass (DM).

In the ex pe ri ments with se mi-batch cul ti va ti on, 
the cells were grown in the AWW in 1.5-l glass co -
lumns (6.6 cm in ter nal di a me ter) at con s tant il lu mi na -
ti on with light-emit ting di o des (480 µmol PAR qu an -
ta m–1 s–1), bub bling with air (0.3 l l–1 min–1) and
25°С. The cul tu res were ini ti a ted at 1.6 g l–1 DM.

The pre-cul tu res were grown in 750-ml Er len -
mey er flasks with 250 ml BG-11 me di um at 25°С and
40 µmol PAR qu an ta m–1 s–1. In the ex pe ri ments with
the AWW, the pre-cul tu re cells were pel le ted by cen t -
ri fu ga ti on, re-sus pen ded in the AWW, and cul tu red as
des c ri bed abo ve. The cul tu re growth was mo ni to red
by chlo rop hyll and DM ac cu mu la ti on. Dry we ight
was me a su red gra vi met ri cal ly [3].

Ar ti fi ci al was te was ter

In or der to as sess the po ten ti al ef fi ci en cy of po -
ul t ry was te wa ter bi o re me di a ti on by the new Chlo rel -
la stra in, AWW were pre pa red from the ex t racts of
chic ken lit ter (CL, Tab le 1) ob ta i ned from the Pe te li -
no Po ul t ry Farm (Rus si an Fe de ra ti on). The AWW
were pre pa red by in cu ba ti on of CL in dis til led wa ter
or BG-11 me di um (10 g l–1) in flasks. Af ter the third
in cu ba ti on at room tem pe ra tu re and con s tant sha king
(110 rpm), the ho mo ge na te was cen t ri fu ged (10 min
at 3500 g); the pel let was dis car ded and the su per na -
tant was used as AWW wit ho ut autoc la ving. The nit ro -
gen and car bon con tents in the ly op hi li zed CL sam p -
les and re sul ting AWW were de ter mi ned on the ele -
ment ana ly zer CNSH Va rio EL Cube (Ele men tar, Ger -
ma ny).
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Bac te ri al con ta mi na ti on as say

To as sess the bac te ri al con ta mi na ti on of the
MA cul tu res, the cul tu re li qu id sam p les were ap pli ed
to Pet ri dis hes on the so li di fi ed ste ri le glu co se-pep to -
ne-yeast me di um con ta i ning, g l–1: pep to ne, 2; yeast ex -
t ract, 1; ca se in hyd ro ly sa te,1; glu co se, 1; gly ce rol, 10;
Са СО3, 5; agar, 20 (all from Sig ma, USA) made up
with tap wa ter to 1 li ter. The co lo ni es were co un ted to
de ter mi ne the co lo ny-for ming unit (CFU) num ber af -
ter 3 and 5 days of in cu ba ti on at 37С. The bac te ria
cells were in ves ti ga ted un der a light mic ros co pe be fo -
re and af ter Gram sta i ning.

The bac te ria cell num ber was co un ted as fol -
lows: 1-ml li qu id sam p les were di lu ted 100 ti mes
with ste ri le tap wa ter. The re sul ting sam p les were fur t -
her di lu ted (step wi se, 10-fold each step) and lo a ded
onto Pet ri dis hes with the so lid me di um.

Chlo rop hyll and cell li pid fat ty acid 
com po si ti on as say

Pig ments were ex t rac ted from the cells with a
chlo ro form—met ha nol mix tu re (2:1, vol); to tal chlo -
rop hyll (Chl) was as say ed in the chlo ro form frac ti on
of the ex t ract spec t rop ho to met ri cal ly [2, 3]; fat ty acid
pro fi le of the MA cell li pids was re sol ved by GC/MS
as des c ri bed pre vio us ly [2, 3]. For each cul ti va ti on
con di ti ons, at le ast two in de pen dent ex pe ri ments
were car ri ed out, each in trip li ca te. Ave ra ge va lu es
with the ir stan dard er rors are pre sen ted un less sta ted
ot her wi se.

Mo le cu lar iden ti fi ca ti on of the stra in

The stra in un der in ves ti ga ti on was iden ti fi ed
by com pa ri son of the nuc le o ti de se qu en ces of its 5.8S
rRNA gene and in ter nal tran s c ri bed spa cers ITS1 and
ITS2 with the cor res pon ding se qu en ces of the known
MA iso la tes from NCBI Gen Bank da ta ba se. Iso la ti on
of DNA, PCR am p li fi ca ti on of the se lec ted lo cus, se -
qu en cing and se qu en ce data ana ly sis were car ri ed out
ac cor ding to the ear li er pub lis hed pro to cols [17].

RESULTS AND DISCUSSION

Iden ti fi ca ti on of Chlo rel la IPPAS-C2015 
and as ses sment of its po ten ti al was te wa ter 
to le ran ce 

Nu me ro us re ports on high to le ran ce of sin g -
le-cel led gre en mic ro al gae (Chlo rop hy ta) to eut rop -
hic con di ti ons of was te wa ter have been pub lis hed
[18—20]. Ac cor din g ly, a mic ro al ga iso la te pre vio us -
ly ob ta i ned in our la bo ra to ry and ten ta ti ve ly iden ti fi -
ed as Chlo rel la sp. was se lec ted as an ob ject for this
stu dy.

Mul tip le alig n ment of the se qu en ces of rRNA
gene clus ter in c lu ding ITS1 and ITS2 of a num ber of
known Chlo rel la re pre sen ta ti ves was con duc ted
using Clus talW sof t wa re. As a re sult, con ser va ti ve re -
gi ons were re ve a led and used to de sign the oli go nuc le -
o ti de pri mers:

For 5-TGGCTCATTAAATCAGTTATAG -3,
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Tab le  1

Car bon and nit ro gen con tent in chic ken lit ter, its ex t rac ti on re si due, and es ti ma ti on of N tran s fer 
to the AWW pre pa red from the se sub s t ra tes

Sub s t ra te

Ele ment, % DM Ele ment con tent,
g g–1

C/N,
mass
ra tio

N tran s fer red from
the lit ter to the AWW
du ring the ex t rac ti on

N C N C % of to tal
N

Fi nal
con tent, 
mmol l–1

(NO3
 )

Chicken litter 3.800
±0.145

34.184
±1.019

0.063
±0.026

0.592
±0.240

9.465
±0.167

38.681 14.537

Residue after the
litter extraction

2.330
±0.012

38.674
±0.716

0.023
±0.001

0.387
±0.007

16.596
±0.232



Rev 5-CCAAGAATTTCACCTCTGACA -3.

Using the se pri mers, the cor res pon ding re gi on
of the ge no me DNA of the mic ro al ga iso la te was am p -
li fi ed and se qu en ced; the re sul ting se qu en ce was de po -
si ted in Gen Bank un der an ID of KF006337. Ac cor -
ding to the re sults of the BLAST se arch in Gen Bank,
the se qu en ces of the hig hest ho mo lo gy to tho se ob ta i -
ned in this work be lo nged to the re pre sen ta ti ves of the 
ge nus Chlo rel la (Tre bo u xi op hy ceae). Ba sed on the
rRNA gene clus ter se qu en ce, the mic ro al ga iso la te
used in this work was iden ti fi ed as Chlo rel la vul ga ris
Bey e rinck and de po si ted in the col lec ti on IP PAS (Ti -
mi ry a zev In s ti tu te of Plant Phy si o lo gy, Russ. Acad.
Sci.) un der an ID of IP PAS C-2015.

Ge ne ral ly, the ef fi ci en cy of bi o ge nic ele ment
re mo val by mic ro al ga cells de pends on the ir growth
(di vi si on) rate [8] as well as to le ran ce to high le vels of 
nit ro gen, phos p ho rus, and or ga nic pol lu tants. Con si -
de ring the uti li za ti on of the re sul ting bi o mass, it is
also im por tant to ac hi e ve a high con tent of va lue-ad -
ded com po unds in cells. Scre e ning in was te wa ter-mi -
mic king mo del me dia is the op ti mal ap pro ach to the
se lec ti on of can di da te stra ins su i tab le for the farm
was te wa ter bi o re me di a ti on. Wit hin this ap pro ach, we
tes ted the ca pa ci ty of the se lec ted stra in of gro wing in
the mo del me dia with ele va ted con tents of am mo ni -
um or nit ra te and in the me dia pre pa red from the CL
ex t racts (see Tab le 1). We mo ni to red the bi o mass ac -
cu mu la ti on and pH chan ges du ring the cul ti va ti on
(Tab le 2). Spe ci al at ten ti on was paid to the dy na mics
of the cul tu re li qu id pH, an im por tant mar ker of the
stress to le ran ce in MA po ten ti al ly su i tab le for was te -
wa ter bi o re me di a ti on. For in s tan ce, the upta ke of dis -
sol ved inor ga nic car bon (bi car bo na te for med from
CO2 upon its dis sol ving in the cul tu re me di um wit hin

the phy si o lo gi cal ly re le vant pH ran ge) [21] and nit ra -
te by the mic ro al ga cells ca u ses the al ka li za ti on of the
cul tu re me di um [22, 23]. On the ot her hand, aci di fi ca -
ti on of the cul tu re me di um in c re a ses the pro to na ti on
of am mo ni um ions ty pi cal ly oc cur ring in the was te wa -
ter re sul ting in the for ma ti on of am mo nia to xic to the
mic ro al ga cells [24].

The three-day cul ti va ti on of C. vul ga ris IP PAS
C-2015 in the BG-11M me di um with the ex cess of nit -
ro gen re sul ted in a mo dest dec li ne in pH (by 0.5 on
ave ra ge, from 7.4 to 6.9, ob vio us ly due to the upta ke
of NH4

 ) and bi o mass ac cu mu la ti on rate com men su ra -
te to that ty pi cal of the cul tu res grown in the stan dard
BG-11 am mo ni um-lac king me di um (data not shown).
Con se qu en t ly, re la ti ve ly high le vels of am mo ni um in
the stu di ed pH ran ge did not exert a sig ni fi cant ne ga ti -
ve ef fect on the cul tu re growth.

Fur t her ex pe ri ments were de di ca ted to the scre -
e ning of the ca pa ci i ty of C. vul ga ris IP PAS C-2015 of
gro wing in the AWW pre pa red from the CL ex t racts
(see Tab le 1). The CL sam p les used in our work con ta i -
ned car bon and nit ro gen in amo unts of 35—40% DM
and 3.8—5.3% DM, res pec ti ve ly, yiel ding the C/N
mass ra tio of 9—13. The C/N ra tio of the CL re si due
af ter the ex t rac ti on du ring the AWW pre pa ra ti on in c -
re a sed ca. two ti mes due to the pre fe ren ti al ex t rac ti on
of nit ro gen (ma in ly nit ra te). Ac cor din g ly, af ter the
three-day ex t rac ti on, up to 46% of the CL to tal nit ro -
gen was fo und in the ex t ract (fi nal nit ra te con cen t ra ti -
on > 21 mmol l–1). The ex t racts were la ter used as
AWW, the mo del me dia for the es ti ma ti on of the nit ra -
te bi o re mo val ef fi ci en cy of the MA.

In all ca ses stu di ed, a si mi lar in c re a se in pH
was ob ser ved du ring the growth in the mo del me dia;
on the ot her hand, it was lo wer than that re cor ded in
the con t rol cul tu res grown in BG-11 me di um. Ge ne -
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Tab le  2

Chan ges in the cul tu re me di um pH and bi o mass ac cu mu la ti on in mic ro al ga cul tu res du ring 
the pre li mi na ry scre e ning in AWW*

Pa ra me ter

Me di um and ti me

BG-11 (con t rol) AWW + BG-11 AWW

0 h 148 h 0 h 148 h 0 h 148 h

Culture medium pH 7.4 10.3 7.4 9.7 7.4 9.7

Biomass (g DM l–1) 0.8 2.1 0.8 1.5 0.8 1.9

*Mean va lu es (n = 6) are re pre sen ted; in all ca ses SD was be low 5% of the cor res pon ding ave ra ge. Ini ti al cul tu re den si ty
was 0.8 g DM l–1.



ral ly, the bi o mass ac cu mu la ti on rate in the cul tu res
grown in AWW was lo wer than that in the BG-11 me -
di um. This ef fect might be ex p la i ned by the hig her nit -
ra te con tent in BG-11 as com pa red to the AWW ([16], 
see also Tab le 1). Ne ver t he less, the pH va lu es in the cul -
tu re li qu ids as a re sult of cell gro wing in AWW were
only mil d ly al ka li ne. In the pre sen ce of high am mo ni -
um amo unts, the se con di ti ons can pro vi de the for ma ti -
on of am mo nia that is de te ri o ra ti ve for the mic ro al gae 
growth [24]. In any case, our ana ly sis did not re ve al a
high amo unt of am mo ni um in the CL sam p les or in
AWW pre pa red from the CL; the re fo re, it is un li ke ly
that the am mo nia for ma ti on co uld have a let hal ef fect
on the cul tu re on the bac k g ro und of nit ra te upta ke.

The ro bus t ness of the C. vul ga ris IP PAS
C-2015 cul tu res du ring growth in the AWW was stu di -
ed un der the se mi-batch cul ti va ti on mode (Fig. 1). In
the se ex pe ri ments, the cul tu re was di lu ted by 1.6 ti -
mes by fresh AWW eve ry three days. Un der the se con -
di ti ons, the C. vul ga ris IP PAS C-2015 stra in dis p lay -
ed a ste a dy bi o mass ac cu mu la ti on for at le ast three cul -
ti va ti on cyc les (Fig. 1). The se re sults sug gest that C.
vul ga ris cul tu re was ro bust eno ugh un der the se -
mi-batch cul ti va ti on con di ti ons in the AWW, which is 
im por tant from the stan d po int of its po ten ti al in dus t ri -
al cul ti va ti on in po ul t ry was te wa ter.

Col lec ti ve ly, the re sults ob ta i ned in this work
sug gest that C. vul ga ris IP PAS С-2015 jud ging from
the growth rate and dy na mics of the cul tu re pH is suf fi -

ci en t ly ca pab le of growth in the AWW and su i tab le
for the ap pli ca ti on to bi o re me di a ti on of po ul t ry was te -
wa ter. Ho we ver, the high to le ran ce to was te wa ter
com po nents (e.g. high le vel of bi o ge nic ele ments) is
ne ces sa ry but not suf fi ci ent per se for be ing a good
can di da te stra in for was te wa ter re me di a ti on. The next 
sta ge of our work was de di ca ted to the as ses sment of
the ef fi ci en cy of the bi o ge nic ele ments re mo val by C.
vul ga ris IP PAS С-2015 cul tu res.

Ef fi ci en cy of bi o ge nic ele ment re mo val 
by mic ro al ga cells

In or der to es ti ma te the bi o ge nic ele ment bi o re -
mo val by the mic ro al gae, we com pa red the ani o nic
com po si ti on of the AWW-mi mic king po ul t ry was te -
wa ter be fo re and af ter the MA cul ti va ti on (Tab le 3).
The cells of the stu di ed MA stra in eli mi na ted 90% of
nit ra te on ave ra ge from the AWW wit hin three days
of cul ti va ti on at ta i ning the nit ra te re mo val rate of ca.
177.2 mg l–1 day–1. Re mar kab ly, the hig hest ex tent of
bi o re mo val (in terms of ab so lu te con tent) was ob ser -
ved for nit ri te; the eli mi na ti on of ot her ani ons was
less com p le te. Ge ne ral ly, a sin g le 72-h cul ti va ti on cyc -
le at the gi ven com bi na ti on of cul tu re cell den si ty and
ani on con cen t ra ti on (also ter med as bi o mass load) tur -
ned to be in suf fi ci ent to bring the bi o ge nic ele ment
con cen t ra ti on to a va lue in fe ri or to the sa fe-to-dis c har -
ge thres hold le vel. Ob vio us ly, to aug ment the bi o re -
mo val, it is ne ces sa ry to dec re a se in the bi o mass load
eit her by ra i sing the cul tu re den si ty, by di lu ting the
was te wa ter or by in c re a sing the re ten ti on time of the
AWW in the cul ti va ti on sys tem. In de ed, ad di ti o nal
tests of the nit ra te bi o re mo val ef fi ci en cy con fir med
that a two-fold in c re a se in the cul tu re den si ty (from
0.8 to 1.6 g DM l–1) en han ced the rate and com p le te -
ness of this ani on eli mi na ti on from the mo del
BG-11-ba sed me di um con ta i ning nit ra te in ex cess
(data not shown).

A re mar kab le dec re a se in the chlo ri de con tent
(to a le vel in fe ri or to the thres hold al lo wed for dis c har -
ge) was also ob ser ved most li ke ly due to the ad sor p ti on 
on/ab sor p ti on by the cells and/or its sur fa ce struc tu res.

One of the most pro mi sing ave nu es of the uti li -
za ti on of MA bi o mass grown in the farm was te wa ter
is its con ver si on to bi o fer ti li zers. It is known that ca.
3% of to tal nit ro gen con ta i ned in dry MA bi o mass is
ava i lab le to plants im me di a te ly af ter the ap pli ca ti on,
and af ter three we eks, this amo unt in c re a ses up to
33%; the si mi lar dy na mics was do cu men ted for the
phos p ho rus in the MA bi o mass ap pli ed to soil [25].
As a re sult, the growth of cu cum ber and corn plants
fer ti li zed by the MA bi o mass from da i ry farm was te -
wa ter was com men su ra te to that of plants fer ti li zed by 
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Fig. 1. Typical kinetics of dry mass accumulation by C.
vulgaris IPPAS С-2015 culture during semi-batch cultivation in
AWW. Three cycles, 72 h each, are shown. Arrows indicate the
AWW replenishments



equ al (cal cu la ted by N and P con tent) amo unts of con -
ven ti o nal (che mi cal ly syn t he si zed) fer ti li zers [3, 25].
It is im por tant to note that re gar d less of the known abi li -
ty of MA to over-ac cu mu la te he a vy me tals, no re ports 
on the he a vy me tal con ta mi na ti on of the MA bi o mass
grown in farm was te wa ter have been pub lis hed [26].

The des t ruc ti on of or ga nic pol lu tants du ring 
cul ti va ti on of mic ro al ga cells

In mo dern was te wa ter tre at ment fa ci li ti es, the
de mand of oxy gen for oxi da ti ve des t ruc ti on of or ga -
nic pol lu tants es ti ma ted as che mi cal (COD) or bi o lo gi -
cal oxy gen de mand (BOD) is sa tis fi ed by in ten se mi -
xing or bub bling of was te wa ter with air [27]. When
was te wa ter is tre a ted by pho tot rop hic or ga nisms, oxy -
gen is ge ne ra ted by the se or ga nisms as a re sult of pho -
to syn t he sis the re by eli mi na ting the need for ad di ti o -
nal aera ti on. This pro cess was de sig na ted as ‘pho to -
syn t he tic aera ti on’ [10]. Apart from high inor ga nic
ion con tent, po ul t ry was te wa ter con ta ins high le vels
of or ga nic pol lu tants (2.5 g l–1 COD and more). In or -
der to as sess the ca pa bi li ty of C. vul ga ris IP PAS
С-2015 to re mo ve or ga nic con ta mi nants from the was -
te wa ter, we wat c hed the dy na mics of to tal or ga nic
com po unds in the AWW (via COD) du ring the MA
cul ti va ti on (Fig. 2).

As shown in Fig. 2, the cul ti va ti on of the MA in 
the AWW is ac com pa ni ed by a sharp (by ca. 80% of
the ini ti al le vel) dec li ne in the to tal or ga nic com po -
unds. This did not oc cur in the ves sel con ta i ning
AWW aera ted to the same ex tent, but not ino cu la ted
with the MA: in this case, COD did not chan ge sig ni fi -
can t ly (data not shown). The se re sults stron g ly sug -
gest that apart from the eli mi na ti on of bi o ge niс ele -

ments, the mic ro al ga stra in un der in ves ti ga ti on pro vi -
des an ef fi ci ent des t ruc ti on of or ga nic pol lu tants in
the AWW.

Ef fect of mic ro al gae cul ti va ti on on bac te ri al con -
ta mi na ti on in AWW

As no ted abo ve, de con ta mi na ti on from pat ho -
ge nic bac te ria is among the key go als of was te wa ter
tre at ment [6]. In the sys tems using pho to syn t he tic
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Tab le  3

Ef fi ci en cy of ma jor ani ons eli mi na ti on from the AWW by mic ro al ga cells af ter 72-h cul ti va ti on

Pa ra me ters
Con cen t ra ti on, mg l–1 (re mo val, % of the ini ti al con cen t ra ti on in the AWW)

Cl– NO2
 NO3

  PO4
3 SO4

2

Discharge threshold* 350 0.1 45 3.5 500

Concentration in the AWW** 455 615 589 128 106

Concentration after the cultivation
67.4±2.0 7.3±3.0 57.3±0.9 66.1±0.6 79.5±6.6

(85.9) (98.8) (90.3) (48.4) (25.0)

* For po tab le wa ter open sup ply.
** Er ror < 5%.

Fig. 2. Typical kinetics of decline in organic compound
content in AWW during semi-batch cultivation of C. vulgaris
IPPAS C-2015. Three cycles, 72 h each, are shown. Arrows
indicate the AWW replenishments



aera ti on, this goal as well as or ga nic pol lu tant oxi da ti -
on is ac com p lis hed by pho to syn t he ti cal ly ge ne ra ted
oxy gen and ele va ted pH [9, 10]. In the pre sent work,
we stu di ed the ef fects of the MA cul ti va ti on on the
bac te ria oc cur ring in AWW be ca u se the AWW were
not ste ri li zed to ac hi e ve a more com p le te re pro duc ti -
on of an in dus t ri al bi o re me di a ti on pro cess.

The co lo ny for ming unit (CFU) num ber in the
fres h ly pre pa red AWW was, on ave ra ge, as high as
4.2  108 ml–1. Four co lo ny ty pes were dis tin gu is hed,
two of which were the do mi nant co lo ny ty pes: type 1
(oli ve-co lo red co lo ni es with smo oth ed ges for med by
small im mo ti le rod-sha ped Gram-ne ga ti ve cells), and
type 2 (gray smo oth-ed ged yeast-li ke co lo ni es). The
tests on the stan dard so li di fi ed me dia (Cza pek’s me di -
um and wort agar) con fir med the ab sen ce of fun gal
con ta mi na ti on in the AWW [28]. Jud ging from the co -
lo ny mor p ho ty pe, the AWW were cha rac te ri zed by a
con si de rab le pre sen ce of bac te ri al con ta mi nants that
only ex hi bi ted a slight di ver si ty. In te res tin g ly, the
stock cul tu res of C. vul ga ris used in this work dis p lay -
ed a hig her bac te ria di ver si ty (up to se ven vi su al ly dif -
fe rent co lo ny ty pes at the me an bac te ri al cell num ber
of 1.1  108 ml–1). 

The cul ti va ti on of C. vul ga ris IP PAS С-2015 in 
the AWW bro ught abo ut a two—three-fold dec re a se
in the di ver si ty of the as so ci a ted bac te ria and 300-fold 
dec re a se in CFU num ber. No te wor t hy, af ter nine days 
of the MA cul ti va ti on, two of the bac te ria ty pes cha -
rac te ris tic of AWW pre do mi na ted in the C. vul ga ris
cul tu res type 1 (see abo ve) and type 5 (gray-co lo red
ro ugh co lo ni es for med by mo ti le rod-sha ped sin g le,
so me ti mes pa i red Gram-ne ga ti ve cells of mo de ra te
length and thic k ness). This evi den ce might in di ca te
that the mic ro bi al con sor ti um with C. vul ga ris as a do -
mi nant spe ci es pla ys a key role in the sup pres si on of
the na ti ve mic rof lo ra in AWW (as well as in the bi o ge -
nic ele ments eli mi na ti on and or ga nic pol lu tant des t -
ruc ti on).

Fat ty acid com po si ti on of the mic ro al ga bi o mass
grown in the AWW

An im por tant fe a tu re of MA stra ins that ma kes
them su i tab le for was te wa ter bi o re me di a ti on is the ir
abi li ty to pro du ce bi o mass en ric hed with such va -
lue-ad ded com po unds as li pids that can be con ver ted
to bi o di e sel [15]. Mo re over, the struc tu re li pids of thy -
la ko id mem b ra nes of mic ro al ga cells con ta in va lu ab -
le long-cha in polyun sa tu ra ted fat ty acids [29]. In
view of this re qu i re ment, the fat ty acid com po si ti on
of the cell li pids was de ter mi ned in C. vul ga ris IP PAS
C-2015 bi o mass grown in the AWW. 

The ana ly sis of the per cen ta ge of to tal fat ty
acids in DM of the stu di ed stra in bi o mass re ve a led no
sig ni fi cant chan ges: du ring 72-h cul ti va ti on in the
AWW, this pa ra me ter re ma i ned at the le vel of
8—10% DM. This trend is ty pi cal of the mic ro al ga
cells grown in the ab sen ce of mi ne ral nut ri ent li mi ta ti -
on, the re fo re it co uld be ex pec ted in the bi o mass
grown in the AWW that con ta in re la ti ve ly high amo -
unts of the bi o ge nic ele ments (see Tab le 1 and Tab le
3). Un der such con di ti ons, mo no- and po ly un sa tu ra -
ted fat ty acids from the С16 and С18 fa mi li es nor mal -
ly pre do mi na te in the cell li pid fat ty acid pro fi le [30].

In our ex pe ri ments, the cul ti va ti on in the AWW 
exer ted a con si de rab le ef fect on the fat ty acid com po -
si ti on of cell li pids in C. vul ga ris IP PAS C-2015 (Tab -
le 4). Spe ci fi cal ly, the re was an in c re a se in the por ti on 
of -li no le nic acid; the per cen ta ges of ot her un sa tu ra -
ted fat ty acids were also in c re a sed. In MA, -li no le -
nic and li no le ic fat ty acids are ma in ly as so ci a ted with
the struc tu re li pids of the chlo rop last thy la ko id mem b -
ra nes [29]. It can be con c lu ded that the ob ser ved chan -
ges in the fat ty acid com po si ti on stem from the ex pan -
si on of the chlo rop last mem b ra ne ap pa ra tus in res pon -
se to the dec li ne in the per cell ir ra di an ce du ring bi o -
mass ac cu mu la ti on. The re fo re, the bi o mass of the
MA grown in the AWW un der our ex pe ri men tal con di -
ti ons con ta i ned a hig her -li no le nic acid (C18:3) por ti -
on in com pa ri son with that grown in the stan dard
BG-11mi ne ral me di um.

The mic ro al ga stra ins ac cu mu la ting long-cha in 
fat ty acids in cell li pids are de si rab le in the pro duc ti on 
of feed ad di ti ves with il lus t rio us exam p les of the Na -
nnoc h lo rop sis ge nus ac cu mu la ting eico sa pen ta e no ic
acid [31, 32]. It is con ce i vab le that in the ab sen ce of li -
mi ta ti on by nit ro gen, the cul tu res grown in was te wa -
ter wo uld ac cu mu la te li pids en ric hed by va lue-ad ded
long-cha in po ly un sa tu ra ted fat ty acids. The cells of
C. vul ga ris IP PAS C-2015 only con ta i ned mo dest
amo unts of fat ty acids with the cha in length over 18;
ho we ver, the high con tent of li no le ic and -li no le nic
acids ma kes the C. vul ga ris IP PAS C-2015 bi o mass
grown in po ul t ry was te wa ter a pro mi sing fe ed s tock
for the pro duc ti on of feed ad di ti ves. It is im por tant
that he a vy me tals and to xic or ga nic com po unds are
un li ke ly to oc cur in high amo unts in po ul t ry was te wa -
ter. As was shown by pre li mi na ry tests (see the pre vio -
us sec ti on), the bac te ria as so ci a ted with C. vul ga ris IP -
PAS C-2015 ten ded to dis p la ce the abo ri gi nal bac te ria 
in CL. Ho we ver, the use of the was te wa ter-grown bi o -
mass for the pro duc ti on of feed ad di ti ves wo uld only be
po ssib le af ter the ri go ro us chec king for the pre sen ce
of pat ho ge nic mic ro or ga nisms and to xic com po nents.

Thus, sin ce the was te wa ter is ha zar do us for the
en vi ron ment, es pe ci al ly for wa ter bo di es [33], the tre -
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at ment of ag ri cul tu ral was te wa ter in c lu ding po ul t ry
farm is an acu te prob lem. The growth of the amo unt
of the was te wa ter and lack of ef fi ci ent and af for dab le
met hods for the ir tre at ment are also alar ming. Of spe -
ci al con cern is the ir re ver sib le loss of bi o ge nic ele -
ments car ri ed by the po ul t ry was te wa ter [34], ma in ly
as a re sult of the de nit ri fy ing bac te ria ac ti vi ty re le a -
sing N2 into the at mo sphe re; only a small part of the se 
nut ri ents co uld be re tur ned to the soil so far [35, 36]. 

On the con t ra ry, MA cells upta ke nit ro gen and
phos p ho rus in cor po ra ting the ele ments into the ir cell
com po nents and ma king MA-ba sed tre at ment a pro -
mi sing ap pro ach to bi o re mo val of N and P from was te -
wa ter [11, 12, 15] and the ir re turn to ag ro eco sys tems
in the form of bi o fer ti li zers [3]. An ad di ti o nal ad van ta -
ge of bi o fer ti li zers from the N- and P-en ric hed MA bi -
o mass is the slow re le a se of the se nut ri ents pre ven ting 
the ir ra pid was hing out of the soil and ma king them ac -

ces sib le to plants [25]. It sho uld be em p ha si zed that
MA-ba sed was te wa ter tre at ment with fur t her con ver -
si on of the re sul ting bi o mass to bi o fer ti li zers wo uld
save sig ni fi cant amo unts of ‘con ven ti o nal’ N and P
fer ti li zers who se che mi cal syn t he sis is ener gy-in ten si -
ve and ha zar do us to the en vi ron ment [37]. The rock
phos p ha te used for the pro duc ti on of the lat ter is a fi ni -
te non-re ne wab le re so ur ce that is ex pec ted to be co me
scar ce al re a dy in this cen tu ry [30]. 

Des pi te all the ob vio us ad van ta ges, MA-ba sed
tre at ment of po ul t ry was te wa ter did not yet be co me
wi des p re ad ma in ly due to the li mi ted ex pe ri en ce in
the in f ras t ruc tu re en gi ne e ring, lack of de ve lo ped pro -
ces ses and su i tab le al gal stra ins. The pre sent work
con t ri bu tes to sol ving the se prob lems. In part icu lar,
the in ves ti ga ted stra in C. vul ga ris IP PAS C-2015 dis p -
lay ed a po ten ti al ly high ef fi ci en cy in the tre at ment of
po ul t ry was te wa ter (N and P re mo val as well as or ga -
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Tab le  4

Fat ty acid com po si ti on in cell li pids of C. vul ga ris IPPAS C-2015 from stock cul tu re and af ter 72 h 
of cul ti va ti on in AWW

Fat ty acid, % of to tal fat ty acids* Stock cul tu re
Cul tu re af ter growth in AWW (3 cyc les, 72 h each)

Cyc le 1 Cyc le 2 Cyc le 3

14:0 (lauric) < 1 < 1 < 1 < 1

16:0 (palmitic) 24 20 22 17

16:1 (palmitoleic) < 1 < 1 < 1 < 1

16:2 (hexadecadienoic) 6 9 10 13

16:3 (hexadecatrienoic) 1 3 4 6

18:0 (stearic) 4 1 < 1 < 1

18:1 (oleic) 42 2 < 1 < 1

18:2 (linoleic) 22 31 27 29

18:3 (-linolenic) < 1 34 36 35

Unsaturation index 102 193 196 206

Sum of saturated fatty acids 29 21 22 17

Sum of monounsaturated fatty acids 42 2 < 1 < 1

Sum of dienoic fatty acids 28 40 37 42

Sum of trienoic fatty acids 1 37 41 40

Sum of polyunsaturated fatty acids 29 77 78 82

* Es ti ma ti on er ror < 5%.



nic com po und des t ruc ti on) and was pa ten ted [38] for
this ap pli ca ti on. This stra in also ge ne ra tes va lu ab le bi -
o mass su i tab le for the di ver si fi ed do wnstre am pro ces -
sing in c lu ding con ver si on to bi o fer ti li zer or (af ter bac -
te ri o lo gi cal tests) feed ad di ti ves. Ho we ver, ad di ti o nal 
re se arch is re qu i red to har ness the full bi o tec h no lo gi -
cal po ten ti al of this stra in. In part icu lar, the cul ti va ti -
on, har ves ting, and pro ces sing of the bi o mass need op -
ti mi za ti on. The use of was te heat and CO2 from na tu -
ral gas-bur ners he a ting the po ul t ry farms du ring the
cold se a son is a pro mi sing ave nue, al t ho ugh the in teg -
ra ti on of the was te wa ter tre at ment plants and he a ting
fa ci li ti es is a com p lex en gi ne e ring task [6, 11].

Rus si an Sci en ce Fo un da ti on (grant no.
14-50-00029) sup por ted the al go lo gi cal cha rac te ri za -
ti on of the stra in Chlo rel la vul ga ris IP PAS C-2015.
The rest of the stu dy was car ri ed out with the fi nan ci al 
sup port of the Mi nis t ry of Sci en ce and Edu ca ti on of
Rus si an Fe de ra ti on that is gra te ful ly ac k now led ged
(Con t ract no. 14.515.11.0026).
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