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Atrazine degradation in saline wastewater by Pseudomonas sp
strain ADP
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Wastewater from atrazine manufacturing plants contains large amounts of residual atrazine and atrazine synthesis
products, which must be removed before disposal. One of the obstacles to biological treatment of these wastewaters
is their high salt content, eg, up to 4% NaCl (w/v). To enable biological treatment, bacteria capable of atrazine
mineralization must be adapted to high-salinity conditions. A recently isolated atrazine-degrading bacterium,
Pseudomonas sp strain ADP, originally isolated from contaminated soils was adapted to biodegradation of atrazine
at salt concentrations relevant to atrazine manufacturing wastewater. The adaptation mechanism was based on the
ability of the bacterium to produce trehalose as its main osmolyte. Trehalose accumulation was confirmed by natu-
ral-abundance *H NMR spectral analysis. The bacterium synthesized trehalose de novo in the cells, but could not
utilize trehalose added to the growth medium. Interestingly, the bacterium could not produce glycine betaine (a
common compatible solute), but addition of 1 mM of glycine betaine to the medium induced salt tolerance. Osmoreg-
ulated Pseudomonas sp strain ADP, feeding on citrate decreased the concentration of atrazine in non-sterile auth-
entic wastewater from 25 ppm to below 1 ppm in less than 2 days. The results of our study suggest that salt-adapted
Pseudomonas sp strain ADP can be used for atrazine degradation in salt-containing wastewater.
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Introduction organisms failed to degrade atrazine in the wastewater even

Over the last 40 years, the microbial degradatiowtfa- 4! br;::rt(()agr];nva'ans“ﬁglnﬁggctigllgﬂieﬂolﬂgr;r anr]:ﬁ;l/u[rée] "

zines, especially atrazine (2-chloro, 4-ethylamino, 6-isopro- . o . - )
: P ; : L .~ to possible competition from nitrogen-fixing bacteria in the

pylamino, s-triazine), has been intensively studied in vari- ) ; -

ous environments [6,29]. In early reports, only partial sludge [41]; these studies clearly revealed the importance

biodegradation of this compound was described [2,9,15]g;|?nailtc;enal strains that could degrade atrazine under high

To overcome its resistance to biodegradation, a physico- The salt concentration, that affects the osmotic strength

%}ﬁg'aclﬂa’;ger;t{ze%tm;géewgs gi?,lélrr;daﬁ?hgrnsagic(;%ggéef f the environment, and the ionic composition are two
) Y, hysical factors that determine the ability of organisms to

tmhﬁ]ésrg:?ztéogtf;z?#éecgﬁftg@: Ctjzlgjéels 4vg;1|ch were able t survive and proliferate in a given habitat [10]. The exposure
P Y e of organisms to hyperosmolarity results in a decrease in

Striazines are widely used in various industries [18],,, : o )
with consequent problems of wastewater treatment. Wast heir cytoplasmic water activities, and sudden plasmolysis

N L . Tesults in the inhibition of a variety of physiological pro-
waters from the manufacture eftriazine-containing pesti cesses, ranging from nutrient uptake [35,36,43] to DNA

g'rdeez’ssggg lells a:g?)zllenrﬁétsi:;m dehzénfo' R]rgieahzimhe'Cgrr:gecglt?gt?gr']n%plication [27]. Also, the synthesis of macromolecules is
P yp 9 ffected and this causes significant elevation of the cellular

iy o o Bt bsontere camte oATP level (28 T grow i an osmotcaly stressi
treated in regular municipal wastewater treatment plants nvironment, a bacterial cell must establish and maintain

. . . ts internal pressure above that of its surrounding medium
because of the prolonged persistence of atrazine re5|du? which itpcommonly achieves through the accugmulation

[8]. The absence of microbial degraders and the unfavor: . . .
able conditions for biodegradation have been found to b I)Iu?sg()iﬂcﬁgyc ?g;me[lgozlgt%% 3(30]ST/|Ool)s/iFS, th((:aosg%ast:glci
the r_najor causes of th_e p_ersistence of this herbicide [_2(_) ytes are Iow-mglecular—wéight érgénic co%,pounds which
and Its removal rom drinking water appeared (o be a At exhiit the following characteristics: high solubility in

cult task. It had been suggested that the degradation of atrwater, a neutral net electric charge at a physiological pH,

zine could be achieved under nitrogen-limited conditions. . L .
Subsequently, a significant number of pure cultures withand a lack ofin vitro toxicity toward enzymes at high but

N . . ysiologically relevant concentrations [14,16,44]. The
atrazine-degrading potential have been reported, but thes‘.(é‘gmolytes fall into a few classes: amino acids (such as pro-

line and glutamate), amino acids derivatives (such as gly-
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[26,11,47]. Osmolytes such as glutamate or trehalose caRetermination of growth rates

be synthesized by microbes, whereas the others are trans-

ported in and accumulated from the medium [11]. A promi- Batch cultures: P. ADP was grown in 250-ml Erlen-
nent example of the latter is the osmoregulated transporneyer flasks containing 100 ml atrazine medium sup-
and intracellular accumulation of glycine betaine, which isplemented with various concentrations of salts (0.1-5%
known to protect a number of bacteria against osmotidNaCl w/v). The media were inoculated with L0 of
stress [10,46]. The unusual dipeptide osmolyeacetyl- stationary-phase cells grown with 0.1% NaCl and incubated
glutaminylglutamine amide (NAGGN) has been found inat 35°C on an orbital shaker (125 rpm). The growth of the
only a few cases [38,39,40]. Smi¢t al [40] described the cells was monitored at regular intervals by reading their
mechanism of NAGGN production and accumulation inabsorbance at 600 nm. To measure adaptation of the cells
Rhizobium meliloti Trehalose, which is a common disac- to salinity, 1 ml of a late log culture grown in a medium
charide, serves as an osmoprotectant in many differertontaining 0.1 or 3% NaCl was inoculated into a 3% NacCl
organisms, its two glucose molecules are linked by d-1 atrazine medium. Various osmolytes were added to the 3%
glycoside [34,46], so that the sugar is nonreducing and halaCl medium to a final concentration of 1 mM, to study
the unique quality of ensuring the long-term maintenanceheir effects onP. ADP growth rate. All batch culture

of membrane fluidity under conditions of dryness and desexperiments were carried out in triplicate.

iccation [23,24]. The mechanism of trehalose production

and accumulation iEscherichia colihas been well docu- Continuous culture: P. ADP was grown in a 2-L (1.5-
mented [3,4,17,19,42], but its role Rseudomonasp strain L working volume) chemostat (Biof10, New Brunswick
ADP is yet to be explored. Scientific Co, Adison, NJ, USA). The dilution rate was

In the present study, we employed a potentially atrazine©.167 h* with double strength atrazine medium containing
mineralizing strainPseudomonasp strain ADP and exam- 0.1% NaCl (all media components were double strength,
ined the influence of salt concentration on its growth, withexcept for atrazine that was maintained at the original level
a view to understanding the mechanism of its tolerance t@f 100 ppm). Atrazine was the limiting growth factor and
high salinity. The complete degradative pathway of thisserved as the sole nitrogen source. The culture was vigor-
bacterium had been proposed previously, and the characusly aerated and agitated at 300 rpm. The temperature of
terization of a few genes involved in the earlier steps ofthe chemostat was automatically controlled at@5and
atrazine degradation has been achieved recentlthe pH was automatically maintained at 7.3 by an automatic
[5,12,13,25]. The organic compounds accumulated by th@H controller, model pH-40 (New Brunswick Scientific Co,
organism during its adaptation to osmotic stress have beefdison, NJ, USA), with sterile 0.5 M HCI solution. After
identified by means of NMR spectroscopy analysis. Finally the culture had reached a steady-state, the feeding solution
to simulate the natural conditions for bioremediation, thisin the reservoir was replaced with 3 or 5% NacCl in double-
strain was introduced into salty industrial wastewater constrength atrazine medium as previously described. Samples
taining the herbicide, and its efficacy in degrading atrazindor bacterial counts and residual atrazine concentration
was studied in detail. determination were aseptically removed at selected time

intervals. TheP. ADP counts were made on plates contain-
ing atrazine solid medium by means of the clearing zones

Materials and methods technique, as described by Mandelbaatral [25].
Atrazine was analyzed by HPLC chromatography, with
Chemicals a HPLC Controller (SSI, PA, USA) fitted with an autosam-

Atrazine 98% was a gift from the Ciba-Geigy Corporation, pler (Merck Hitachi L7200, Tokyo, Japan). Detection was
Greensboro, NC, USA. All basic chemicals were of analyti-made at 220 nm with a UV detector (Varian 9050, TX,
cal grade and purchased from Merck, Darmstadt, GermanyJSA). Separation was obtained on a C8 ub+
except trehalose, glutamate and chelex-100, bought fronf250x 4 mm) reverse-phase column (Merck, LiChrocart
Sigma Chemical Co (St Louis, MO, USA). RP-8, Darmstadt, Germany) using a flow rate of 1 mlhin
The mobile phase was 70/30 (v/v) methanol/water with

Microbial cultures 50 mM ammonium acetate.

The atrazine-degrading bacteriuseudomonasp strain
ADP (P. ADP) used in the present study has been describeg
previously [25]. Throughout these experiments, the cell
were grown in 250 ml of atrazine medium at°850n an
orbital shaker (125 rpm) according to Mandelbaemal
[24]. Cells were harvested after 24 h of incubation (late log
phase) by centrifugation (6000g, 10 min), washed twice
and resuspended in sterile saline solution (0.8% wi/v).

ample preparation and NMR spectroscopy

ultures were harvested at late log phase by centrifugation
S(6000>< 0, 10 min). The cell pellet was suspended in 12 ml
distilled water and sonicated for 4 min, under a 50% duty
cycle, at 14 kHz frequency (Vibra Cell, Sonics and
Materials Inc, Danbury, CT, USA). The broken cells were
centrifuged for 10 min at 7000 g, and the supernatant
passed through a 0.5-ml Chelex-100 column for removal
of metals, and freeze dried. Lyophilized samples were dis-
Total bacterial counts solved in 0.6 ml DO and'H NMR spectra were obtained
Total bacteria in the wastewater were counted using that 300 MHz by using a Bruker DPX-300 spectrometer
dilution plate technique on nutrient agar (Difco Labora- (Silberstreifen, Karlsruhe, Germany). The spectra were
tories, Detroit, USA). compared with those of authentic samples of trehalose and
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lytes, 3 mg of sodium benzoate was added prior to the dis
solution of the samples, as an external standard.

Atrazine degradation in authentic wastewater from a
pesticide manufacturing plant

Industrial effluents were collected from a wastewater bio-
logical treatment facility in a herbicide factory. The physi-
cal and biological properties of the wastewater are summal
ized in Table 1.

Atrazine degradation was measured in 250-ml Erlen-<
meyer flasks containing 100 ml of industrial wastewater or
saline (control) supplemented with 25ppm atrazine. 0.0
Sodium citrate was added to some of the treatments as
carbon source, to give a final concentration of 2% (w/v).
Media were inoculated with either a non-adapted or 3%
NaCl-adapted®. ADP suspension to give a final concen- Figure 1 P. ADP growth rates on atrazine medium containing different
tration of 5x 107 cells mIt. Atrazine degradation by the NaCl (—@—) 0.1%; (—V—) 1.0%; (—#—) 2.0%; (——) 3.0%;
wastewater indigenous microbial population was measurefiA—) 4-0%: (—8—) 5.0%. Bars represent the standard error.
in non-inoculated wastewater solution supplemented with
sodium citrate. The samples were incubated for 8 days aif the former lasted for 25 H2. ADP did not grow at all
35°C, under constant shaking (150 rpm). At regular inter-in 5.0% NaCl atrazine medium.
vals, samples (1 ml) from each treatment were removed, to A clear adaptation effect was observed when cells pre-
evaluate atrazine degradation. Samples were filteregrown on 3% NaCl were transferred into 3% NaCl medium
through a 0.45um polypropylene filter, and extracted with (Figure 2). The lag and the log phase of 3.0% NaCl-adapted
ethyl acetate/hexane (1/1 : v/v). The organic phase was cobacteria were four and two times shorter, respectively, than
lected and analyzed with a Varian Star 3400 cx, gas chronthose of non-adapted bacteria.
atograph (Varian, Harbor City, CA, USA) equipped with
an autosampler (Varian 8200 cx). The GC was fitted withEffect of osmotic stress on bacterial growth in
a temperature-programmable injector (Varian 1077), acontinuous culture
thermionic specific detector, and a 30-m0.53-mm i.d., Complete degradation of atrazine (which was the sole nitro-
1.5-um film, DB-1 capillary column (J&W Scientific, Fol- gen source and served as the limiting growth factor) indi-
son, CA, USA). The gas chromatograph was operated atated a physiologically healthy culture.
an injector temperature of 280 and a detector temperature  During the first 20-22 h (Figure 3a and b, respectively),
of 300°C, and the column oven temperature was set ah steady state with osmotic pressure of 4 atm (0.1% NaCl)
195°C for 5.5 min after sample injection, and then raisedwas maintained, and atrazine was completely removed. The
by 20°C min® to 24C°C. The carrier gas flow rate was concentrations of bacteria were stable, at70° cells mi?

10 ml mirr! and the injection volume was (dl. and 1x 107 cells mI?t (Figure 3a and b, respectively). When
the NaCl concentration in the medium in the reservoir was
raised to 3.0%, the osmotic pressure in the growth medium

bsorbance (600 nm)

Time (h)

Results

Effect of osmotic stress on bacterial growth in batch 0.5
culture

The length of the lag and the log phases was positively—
correlated with the increasing salinity of the growth g
medium (Figure 1). The lowest NaCl concentrations, 0.1.o
1.0 and 2.0%, showed the shortest lag periods, 18, 20 ar@ 0.3
30 h, respectively, followed by approximately 15 h of log g
phase. The 3.0 and 4.0% NaCl concentrations gave longe 2

04

lag periods of 40 and 80 h, respectively, while the log phast3 02
2 0.1
Table 1 Chemical and biological properties of the authentic industrial
wastewater
0.0 : ' : :
pH Bacterial Osmotic NaCl N-NJH N-NO; N-Total COD 0 10 20 30 40 50 60 70 80 90
count pressure (meg Time (h)
(cells mrY) (atm) L (mg L)
Figure 2 P. ADP growth rates on 3.0% NacCl atrazine medium with two
types of inocula. @) Inoculum previously grown on 0.1% NaCl¥)
6.9 2x10° 22 560 280.5 5.55 917.7 3450

inoculum previously grown on 3.0% NacCl. Bars represent the standard
error.
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Figure 3 P. ADP growth and its atrazine degradation activity as affected by increasing medium salinity3%aNacCl, (b)= 5% NaCl. @) Bacterial
concentration (CFU mt); (A) osmotic pressure (atm)®( atrazine concentration (ppm).

increased from 4 to 22.5 atm in 20 h (Figure 3a). The bacthe medium reduced the lag period four-fold compared with
teria resisted this modest osmotic pressure increase artde cells grown on 4.0% NaCl alone. Trehalose had only
their growth rate and the atrazine degradation rate did nod minor effect on the growth rate in 4.0% NaCl. The lag
change. When the reservoir medium NaCl concentratiomperiod and the log phase growth rate showed the same
was raised to 5.0% NaCl, after 20 h the osmotic pressurbehaviour with or without the addition of 1 mM of this
increased from 4 to 32.5 atm (Figure 3b). When theosmolyte.

osmotic pressure rose above 20 atm, the bacterial concen-Natural-abundancéH NMR spectroscopy was used to
tration fell from 1x 107 cells mi* to 1x 10° cells mf?,  identify the organic compounds within the cells of
because their growth rate was lower than the dilution rateosmotically stressed culture Bf ADP (Figure 5). Accumu-
Atrazine residues started to appear and the atrazine concelation of the disaccharide trehalose and a small amount of

tration reached 20 ppm. an unknown compound, suspected to be the unique dipep-
tide N-acetylglutaminylglutamine amide (NAGGN), were
Salt tolerance mechanism detected. The amounts of trehalose and NAGGN within late

The growth rates oP. ADP in 0.1% NaCl and in 4.0% log phase cells, grown on 3% NaCl, were 82.2 mygyo-
NaCl plus 1 mM glycine betaine were nearly identical tein and 25.4 mg@ protein, respectively.
(Figure 4). Interestingly the presence of glycine betaine in

05 Atrazine degradation by P. ADP in authentic
wastewater
_ The chemical and biological properties of the industrial
g 0.4 1 wastewater, collected from a herbicide manufacturing plant
o are summarized in Table 1. The wastewater osmotic press-
3 0.3 - ure was 22 atm, and its pH was neutral (6.9); it contained
o high concentrations of COD and nitrogen compounds orig-
e inating from the chemical herbicides synthesis process and
8 0.2 1 from indigenous microbial activity in the wastewater. The
5 bacterial count in the wastewater was 20° cells ml?.
2 o1l Atrazine degradation rates in the authentic industrial
< wastewater by non-adapted and salt-adapteADP, with
or without the addition of sodium citrate as a carbon source,
0.0

— g - y were measured (Figure 6). Addition of non-adapted bac-
0 20 40 60 80 100 120 140 160  teria, with or without citrate, did not significantly improve
Time (h) the. atrazine degrat_jation rate, com'pared with the degra-
dation by the indigenous population alone. However,
Zg;rerimﬁh;tgﬁ:;térg\tvttrzect‘:lgieo/al\T:C?%ggii n?:t)airrf W":‘gii;ia”g‘;” adapted bacteria reduced atrazine concentration from 25 to
NaCIgmedium wi.th the addition 6f 1DmM glycine betai(‘;]m)(growthlon0 Sppm after 8 days. A(;Idltlon of a carbon source further
4.0% NaCl medium with the addition of 1 mM trehalos®)(growth on  improved the degradation rate and complete degradation

4.0% NaCl medium. Bars represent the standard error. was observed after 4 days.
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Discussion

Two of the major problems associated with atrazine degra-
dation in wastewater from atrazine manufacturing plants are
the scarcity of atrazine-mineralizing bacteria, and their
inability to tolerate the high salt concentrations typical of
atrazine-manufacturing wastewater [9]. In the present
study, we used a recently isolated pure culture, capable of
complete atrazine mineralization, and studied its ability to
degrade atrazine under high salt concentrations, relevant to
atrazine-manufacturing wastewater.

At supra-optimal NaCl concentrations, growth inhibition
of P. ADP progressively increased with increasing salinity,
as indicated by decreasing growth rates and increases in
the time lag before growth started. However, the bacterium
was able to adapt to salt stress after an initial inhibition
period, and it is hypothesized that the bacterium activated
its osmoregulation mechanism during the initial growth
inhibition period. Also some temporary growth inhibition
could be caused by the diversion of an increased proportion
of the available fixed carbon and energy, to the synthesis
of compatible solutes, rather than to maintenance and cell
growth [46]. Osmoregulation in bacteria is not a new
phenomenon and was reviewed by Csonka and Hanson
[11], who described the initial adaptation period as a ‘long-
term or steady-state response’. When continuous cultures
of P. ADP were progressively exposed to upshifts of salt
content up to 22.5 atm osmotic pressure, their doubling
time and atrazine degradation activity were not affected.
These results indicate that under a gradual, slow increase
in salt concentrationP. ADP has enough time to activate
the osmoregulation mechanism to produce a compatible
solute, in order to protect its cells from drying.

ADP. 1, Spectra of authentic trehalose; 2, spectra of extract of bacterial Using natural-abundancéd NMR spectral analysis we

cells that were grown on 3.0% NaCl; 3, spectra of extract of bacteria

cells that were grown on 0.1% NaCl; T, trehalose; N, NAGGN.

30

25
20 A
15 4

10 A

Atrazine (ppm)

0 4 T T T W i
0 24 48 72 96 120 144 168 192

Time (h)

\were able to identify the increase in content of two osmo-
lyte types: trehalose, which was identified as the major
compatible solute (Figure 5), and a much smaller amount
(3.2 times less) of a different compatible solute, suspected
to be the dipeptidelN-acetylglutaminylglutamine amide.

The addition of 1 mM trehalose to the growth medium
did not relieve the growth inhibition, which suggests that
trehalose is producede novoin the cells and is not trans-
ported through the membranes Bf ADP.

However, the addition of 1 mM glycine betaine to the
growth medium relieved the growth inhibition caused by
high salinity, indicating thaP. ADP possesses a glycine
betaine uptake system. Osmotically regulated glycine bet-
aine transport systems are widespread amongst halophilic
and halotolerant eubacteria [14,37,45], and glycine betaine
may be present in substantial quantities in hypersaline
environments, where it is synthesized as a compatible sol-
ute by a wide range of phototrophic and cyanobacteria [32].
This is a common phenomenon that has been observed in
several other bacterial species to which betaine also confers
enhanced osmotic tolerance [11,14,40]. NeverthelPss,
ADP cells that were not exposed to glycine betaine did not

Figure 6 Atrazine degradation in authentic wastewater by non-adaptedhroduce it within the cells, as indicated By NMR spectral

(@) and 3.0% NaCl adapted() P. ADP, with or without the addition of
citrate (solid and empty symbhols, respectively®,) (Authentic waste-
water without addition of bacteriamj saline water. Bars represent the
standard error.

analysis (Figure 5).
Although the bacterium does not produce glycine betaine
within the cells, there is a clear energetic benefit to be
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gained from the accumulation of external osmolytes, com10 Csonka LN. 1989. Physiological and genetic responses of bacteria to
pared with their production within the cells [46]. osmotic stress. Microbiol Rev 53: 121-147.

. . 11 Csonka LN and AD Hanson. 1991. Prokaryotic osmoregulation: gen-
Osmoregulated®. ADP bacteria were able to rapidly ™ gics and physiology. Annu Rev Microbiol 45: 569-606.

degrade atrazine in non-sterile authentic wastewater, 2 De-Souza ML, LP Wackett, KL Boundy-Mills, RT Mandelbaum and
spite of the competition from the endogenous microbial ~MJ Sadowsky. 1995. Cloning, characterization, and expression of a
population of the wastewater and the high salinity of the ge”ﬁl N?gltt?n frc]gthse'udon;on?sEsp _strallcl 'ADbF" Iuréxighég%ms 3tr71§
medium. Additionally, atrazine degradation proceeded in, T co Ta o O aa s R Kot 1996, Atrazine. of

- . . s De-Souza ML, MJ Sadowsky and LP Wackett. 1996. Atrazine chlo-
spite of the high content of nitrogen-containing compounds  rohydrolase fronPseudomonasp strain ADP: gene sequence, enzyme

in the wastewater: nitrogen-rich conditions had previously purification, and protein characterization. J Bacteriol 178: 4894—4900.
been shown to inhibis-triazine degradation in wastewater 14 D'Souza-Ault MR, LT Smith and GM Smith. 1993. RolesMacetyl-
treatment [41]_ Amendment of the wastewater with an glutaminylglutamine amide and glycine betaine in adaptation of

L . . . Pseudomonas aeruginoga osmotic stress. Appl Environ Microbiol
additional carbon source in the form of sodium citrate 59. 473 475 g PP '

great'_y enhanced the degradation of atrazine. The highs Erickson LE and HK Lee. 1989. Degradation of atrazine and related
chemical oxygen demand (COD) of the wastewater could striazines. Crit Rev Environ Cont 19: 1-13.
provide some carbon and energy sourcesAoADP, as 16 Galinski EA. 1993. Compatible solutes of halophilic eubacteria: mol-

indicated by the similar initial atrazine degradation rates in teigug_ %@Tﬂfg » water-solute interaction, stress protection. Experien-
the citrate-amended and non-amended wastewater. HOW7 Hengge-Aronis R, W Klein R Lange, M Rimmele and W Boos. 1991.
ever, after 24 h, the rate of degradation in the non-amended Trehalose synthesis genes are controlled by the putative sigma factor
medium leveled, while the citrate-amended culture com- ﬁ]ngféiir?cyhﬁgscim aégcitrgfr?(l)\llef; g} ?tgfgn%ﬁhase thermotolerance
pletgly degraded ?“raz'”e' Apparently’ there was no readllXS Hogrefe W, H Grossenbacher, AM Cook and Rthlu 1985. Biologi-
available carbon in the wastewater. cal treatment specific for an industrial wastewater contairsiiga-

The results of the present study suggest thadDP can zines. Biotechnol Bioeng 27: 1291-1296.

be used for atrazine degradation in salt-containing wastet9 Klein W, R Horlacher and W Boos. 1995. Molecular analysisreB
water, but the benefit from the addition of an external car- eng:oding theEscherichia colienzyme Il specific for trehalose. J Bac-
bon source (citrate) may be not worth the cost. Further studs teriol 177: 4043-4052.
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ies of the ability ofP. ADP to adapt to the utilization of organic compounds. Environ Sci Technol 16: 170A—183A.

carbon sources available in authentic wastewater argi Leeson A, CJ Hapeman and DR Shelton. 1993. Biomineralization of
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