
 

 

Cellular ATP and biomass of attached 
and planktonic sulfur-oxidizing 
Acidithiobacillus ferrooxidans 
 
Pakostova E, Mandl M, Tuovinen OH. 

Author post-print (accepted) deposited by Coventry University’s Repository 
 
Original citation & hyperlink:  

Pakostova, E, Mandl, M & Tuovinen, OH 2013, 'Cellular ATP and biomass of attached 
and planktonic sulfur-oxidizing Acidithiobacillus ferrooxidans', Process Biochemistry, 
vol. 48, no. 11, pp. 1785-1788. 
https://dx.doi.org/10.1016/j.procbio.2013.07.026 
  
 

DOI 10.1016/j.procbio.2013.07.026 
ISSN 1359-5113 
 
Publisher: Elsevier 
 
NOTICE: this is the author’s version of a work that was accepted for publication in 
Process Biochemistry. Changes resulting from the publishing process, such as peer 
review, editing, corrections, structural formatting, and other quality control 
mechanisms may not be reflected in this document. Changes may have been made 
to this work since it was submitted for publication. A definitive version was 
subsequently published in Process Biochemistry, [48,] [11], (2013)] DOI: 
10.1016/j.procbio.2013.07.026 
 
© 2013, Elsevier. Licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 
Copyright © and Moral Rights are retained by the author(s) and/ or other copyright 
owners. A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge. This item cannot be reproduced or quoted extensively 
from without first obtaining permission in writing from the copyright holder(s). The 
content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the copyright holders.  
 
This document is the author’s post-print version, incorporating any revisions agreed during 
the peer-review process. Some differences between the published version and this version 
may remain and you are advised to consult the published version if you wish to cite from 
it.  

https://dx.doi.org/10.1016/j.procbio.2013.07.026
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 

 

Cellular ATP and biomass of attached and planktonic sulfur-oxidizing 1 

Acidithiobacillus ferrooxidans 2 

 3 

 4 

 5 

Eva Pakostovaa, Martin Mandla,*, Olli H. Tuovinenb  6 

 7 

aDepartment of Biochemistry, Faculty of Science, Masaryk University, 61137 Brno, 8 

Czech Republic 9 

bDepartment of Microbiology, Ohio State University, Columbus, OH 43210, USA  10 

 11 

* Corresponding author at: Department of Biochemistry, Faculty of Science, Masaryk 12 

University, Kotlarska 2, 61137 Brno, Czech Republic. Tel.: +420 549495728.  13 

 E-mail address: mandl@chemi.muni.cz 14 

 15 

E-mail addresses of: Eva Pakostova: 150560@mail.muni.cz 16 

  Olli H. Tuovinen: Tuovinen.1@osu.edu 17 

18 

mailto:mandl@chemi.muni.cz
mailto:150560@mail.muni.cz


 2 

Abstract 19 

This study demonstrates differences in ATP levels between attached and planktonic 20 

cells of Acidithiobacillus ferrooxidans growing with elemental sulfur. A small fraction of 21 

3.7-14.4% of the bacterial cells was attached to the sulfur particles. The highest cell 22 

attachment of 14.4% was at the end of the lag phase, decreasing to 3.7% into the latter 23 

part of the active growth phase. Therefore, attached cells and their ATP content made a 24 

minor contribution to the total culture biomass in the active growth phase. However, the 25 

cellular ATP content was 1.01 amol per attached cell and 0.34 amol per planktonic cell. 26 

The significantly (P < 0.01) lower ATP content was attributed to sulfur limitation in the 27 

planktonic cells. These results suggest that a negligibly small subpopulation may be a 28 

link in cooperative interaction whereby sulfur oxidation by attached cells under boundary 29 

conditions provides bioavailable substrates to planktonic cells in the population. 30 

 31 
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1. Introduction 35 

In bioleaching processes, A. ferrooxidans oxidizes elemental sulfur, an intermediate in 36 

the oxidation of many sulfide minerals. The roles of planktonic and attached cells of A. 37 

ferrooxidans and other sulfur-oxidizing acidophiles in the oxidation of elemental sulfur 38 

have relevance in the bioleaching of sulfide ores because of the central role of oxidative 39 

and reductive reactions of sulfur in the transformations and dissolution of sulfide 40 

minerals [1,2]. Although the proportion of attached cells is usually relatively low in 41 

cultures growing with elemental sulfur, their metabolism is believed to make an 42 

important contribution during bacterial attack on this solid substrate [3,4]. The role of 43 

attached cells in elemental sulfur conversion to soluble forms such as colloidal S and 44 

sulfooxyanions has been previously discussed [5]. Planktonic and attached cells are 45 

subject to different kinetic constraints when growing with a solid substrate such as 46 

elemental sulfur. In contrast to planktonic cells, the fraction attached to elemental sulfur 47 

may not be subject to similar substrate limitation. In general, however, there is not much 48 

information on such kinetic differences in A. ferrooxidans. Changes in cellular ATP 49 

levels have been analyzed in Acidithiobacillus ferrooxidans cultures growing with 50 

ferrous iron and elemental sulfur as substrates [6]. Cellular ATP has been extensively 51 

used as a measure of biomass formation in numerous microorganisms [7]. Okibe and 52 

Johnson [8] applied the luciferin-luciferase ATP bioluminescence assay for monitoring 53 

active acidophilic bacteria in bioleaching solutions. Data on cellular ATP levels in sulfur-54 

attached A. ferrooxidans have not been reported, although bacterial growth on 55 

elemental sulfur particles has been measured in terms of 32P incorporation [9] and 56 

microscopic counts [10]. Protocols for detachment of cells from sulfur particles by 57 
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treatment with CS2 have also been developed [10,11].  The purpose of this study was to 58 

perform a comparative analysis of cellular ATP content and biomass of attached and 59 

planktonic A. ferrooxidans growing with elemental sulfur. Cellular ATP was used as a 60 

tool to analyze the attached and planktonic cells of A. ferrooxidans culture because the 61 

method is sufficiently sensitive to differentiate between their ATP pools. Combined with 62 

determination of cellular biomass, it is now possible to define the contribution of sulfur-63 

attached cells to the overall biomass and to demonstrate that attached cells, in contrast 64 

to planktonic cells, are not affected by limitation of the sulfur substrate.  65 

 66 

2. Materials and methods 67 

A. ferrooxidans (CCM 4253) was grown with 2% w/v elemental sulfur (sulfur extra 68 

pure, Riedel-deHaën, Seelze, Germany, obtained from Sigma-Aldrich, Product Number 69 

13803. The mean particle diameter was 10.1 µm (information kindly provided by Dr. 70 

Daniel Kupka using MultisizerTM 4 Coulter Counter, Beckman) in mineral salts medium 71 

(MSM) that contained (per L) 0.2 g (NH4)2SO4, 3 g KH2PO4, 0.5 g MgSO4·7H2O, and 72 

0.127 g CaCl2. The cultures were grown in a 5 L bioreactor with stirring and agitation 73 

(agitation speed 300 rpm, air flow rate 1.5 L/min) at 28 °C and at initial pH about 4 as 74 

previously described [12]. Elemental sulfur oxidation was monitored by analysis of 75 

sulfate concentration over time by capillary isotachophoresis [13]. Planktonic cell 76 

numbers were determined turbidimetrically [5]. The number of attached cells was 77 

determined by microscopic cell counts using a Cyrus chamber after decantation of 78 

planktonic cells, washing the suspended solids with MSM (re-adjusted to the actual pH 79 

of the culture), and vortexing for 5 min to release sulfur-attached cells [14,15]. ATP was 80 
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extracted from cell samples and the bioluminescence intensity as a function of ATP 81 

concentration was determined as described previously [6]. Measurement of total organic 82 

carbon (TOC) was also used to determine biomass concentration of attached cells. 83 

Aliquots (500 µl) of five parallel, homogenized culture samples were analyzed in 84 

triplicate using a Multi N/C 2100 analyzer (Analytik Jena, Jena, Germany). Where 85 

necessary, samples of elemental sulfur were dried at 50 °C for 12 h. 86 

The growth with elemental sulfur usually results in a pH decrease to about 1.0-1.1, at 87 

which point the increased acidity becomes almost completely prohibitive to sulfur 88 

oxidation. The inhibitory effect is noticeable below pH 1.6. The inhibition increases with 89 

acidity and affects the cellular ATP content. In this study, the time course of the 90 

bioreactor culture was sampled during the active growth phase between pH 4.0 and 1.6. 91 

At this range, the pH was not inhibitory and the cellular ATP content was constant.  92 

 93 

3. Results and discussion 94 

Fig. 1A and B show sulfate formation and changes in bioluminescence intensity 95 

during sulfur oxidation by A. ferrooxidans. Both parameters were proportional to cell 96 

growth in the active phase, which was linear with sulfur as the substrate, as previously 97 

reported [6]. The bioluminescence intensities are shown separately for planktonic cells 98 

and total population in Fig. 1B. Within experimental error, no major difference in 99 

bioluminescence intensity was detected between planktonic cells and the total 100 

population of cells, indicating a negligible contribution from the attached cells to the 101 

measured total ATP content in the culture. Therefore, neither bacterial attachment nor 102 

detachment has fundamental impact on the total ATP data. When normalized to 103 



 6 

individual cells, the results are contrastingly different, however. Fig. 1C shows the 104 

cellular ATP content normalized to individual planktonic and attached cells. For this 105 

analysis, cells were sampled from the culture during the active growth phase, in which 106 

the maximum cellular ATP content was observed [6]. These values were 1.01 ± 0.21 107 

and 0.34 ± 0.05 amol ATP per cell (mean ± SD) for the attached and planktonic 108 

bacteria, respectively. This difference was highly significant (P < 0.01). The mean ATP 109 

content of planktonic cells is in agreement with data for multiple subcultures of sulfur-110 

oxidizing A. ferrooxidans. The ATP content of attached cells is comparable to 1.16 amol 111 

ATP per cell determined for A. ferrooxidans oxidizing Fe2+ as energy source [6]. 112 

Thiosulfate oxidation, which partially involves cell attachment after elemental sulfur is 113 

formed as an intermediate, yielded 0.63 ± 0.12 amol ATP per cell (unpublished data). 114 

The differences between this value for the thiosulfate grown cells and those for the 115 

sulfur grown cells (1.01 and 0.34 amol ATP per attached and planktonic cell, 116 

respectively) were significant (P < 0.05). The value of 0.63 amol ATP per cell is also 117 

significantly lower than 1.16 amol ATP per cell for iron-grown cultures [6]. The change 118 

from soluble thiosulfate to insoluble sulfur substrate, and back to soluble upon further 119 

oxidation of intermediate elemental sulfur by predominantly planktonic cells, can 120 

decrease the cellular ATP content in the overall biochemical energy balance. As 121 

expected, the ATP levels for thiosulfate grown cells are lower as opposed to cells 122 

oxidizing fully soluble iron substrate and attached cells oxidizing elemental sulfur, and 123 

higher than the ATP value for planktonic cells oxidizing elemental sulfur. 124 

We hypothesize that the 3-fold higher cellular ATP content of the attached cells 125 

resulted from the surface microniche conditions where cells oxidize sulfur. Based on the 126 
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very low aqueous solubility of elemental sulfur and linear oxidation kinetics, Ceskova et 127 

al. [5] concluded that planktonic cells are dominant in the culture but are limited by 128 

available substrate because they are dependent on soluble or colloidal intermediates 129 

that the attached cells produce upon elemental sulfur oxidation. Thus, by comparison 130 

with planktonic cells, the activity of attached cells may not be subject to a similar 131 

substrate limitation because sulfur compounds are abundantly available at the 132 

solid/liquid interface of the sulfur. Metabolism associated with this interfacial flux of S-133 

compounds can increase the cellular ATP content to the extent that it is comparable 134 

with iron-oxidizing cells [6]. Thus the previously observed sulfur limitation [5] may 135 

explain the multi-fold differences in cellular ATP contents.  136 

Hong and Brown [16] reported that when attached to glass beads the cellular ATP 137 

content of Escherichia coli and Bacillus brevis increased two to five times as compared 138 

to planktonic cells. The authors hypothesized that the charge regulation effect resulted 139 

in an increase in local H+ concentration between the cell and the negatively charged 140 

surface, thus increasing the proton motive force and the cellular ATP level. A direct 141 

comparison with our results is, however, not possible because of numerous metabolic 142 

and experimental differences such as chemolithotrophic vs. chemoorganotrophic 143 

physiology and biochemistry, media, pH, and surface properties of sulfur substrate vs. 144 

inert glass beads. A. ferrooxidans is an extreme acidophile, thriving in environments 145 

with high concentrations of H+. The proton motive force is coupled to energy 146 

transduction in both attached and planktonic cells in highly acidic solution with no 147 

apparent or specific link to cellular attachment. The above hypothesis formulated for the 148 

two chemoorganotrophs does not seem to apply to these acidophiles. 149 
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The planktonic and attached cells in four representative culture samples were 150 

separated and analyzed for TOC (Fig. 1D). The TOC data had a low experimental error 151 

and resolved significant differences (P < 0.05) between planktonic and total cells. Such 152 

significant differences were not observed between the corresponding bioluminescence 153 

data for total and planktonic cells (Fig. 1B). In addition, the sum of the planktonic TOC 154 

plus the TOC of the attached cells was in agreement with the TOC of the total 155 

population (Fig. 1D). Attached cells represented 14.4, 10.4, 10.4 and 3.7% of total TOC 156 

in the four samples retrieved from the sulfur-oxidizing culture (Fig. 1D). The average 157 

value of about 10% for attached cells corresponds to the data reported previously for A. 158 

ferrooxidans [10] and Acidithiobacillus thiooxidans [11] growing with sulfur. An estimate 159 

of about 5% cell attachment was previously reported for sulfur-grown cultures of A. 160 

ferrooxidans [5].  161 

In general, experimental errors in cell counts may be much higher than 10%, but this 162 

problem was alleviated by resorting to high precision TOC analysis in the present study. 163 

This made it possible to distinguish planktonic cells from the total biomass, although the 164 

total TOC was quite close to the planktonic cell TOC during the active growth. The 165 

amount of attached biomass in sulfur-growing cultures constitutes a small fraction and 166 

its contribution to the total biomass amount can be ignored for practical considerations.  167 

When the numbers of attached cells per g sulfur (Fig. 1D) were compared with each 168 

other, the differences were insignificant (P > 0.05). The mean value was 0.23 ± 0.06 mg 169 

cellular C (as TOC) per g sulfur, which corresponds to 2.85 ± 0.68 × 109 (mean ± SD) 170 

attached cells per g sulfur using our conversion factor of 1 mg TOC = 1.25 × 1010 cells. 171 

A value of 1.4 × 109 attached cells per g sulfur was reported by Harneit et al. [3]. For 172 
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reference, Konishi et al. [10] reported maximum sorption of 4.9 × 1010 cell per g sulfur 173 

for A. ferrooxidans, which may be an overestimate.  174 

In conclusion, the difference in the cellular ATP content is attributed to fewer 175 

metabolic constraints in attached cells because they oxidize elemental sulfur via soluble 176 

(possibly colloidal) sulfur intermediates under boundary conditions. By contrast, 177 

planktonic cells compete with attached bacteria for soluble intermediates, and this 178 

competition in substrate oxidation, previously observed in the sulfur-oxidizing A. 179 

ferrooxidans culture, may affect the energetic state of planktonic cells. Similar growth 180 

analyses with ATP data for sulfur-grown A. ferrooxidans have not been previously 181 

reported in the literature. Because of the low proportion of attached cells in the actively 182 

growing culture, and allowing for experimental error, the numbers of planktonic cells are 183 

almost comparable to total population. Although cellular attachment to sulfur has a 184 

negligible impact on the total biomass amount as well as total ATP content in the active 185 

culture, our study showed that the planktonic and attached cells in our culture differed 186 

with respect to substrate oxidation. Attached cells had significantly higher ATP levels as 187 

opposed to planktonic cells.  188 

These results support the concept that attached bacteria are the first to oxidize the 189 

sulfur substrate without sulfur limitation and this takes place under boundary conditions, 190 

while planktonic cells are contingent on the preceding first step in the oxidative pathway. 191 

These findings emphasize the importance of the cellular contact by a small fraction of 192 

population with solid substrate for initial attack and contribute to physiological 193 

characterization of sulfur-oxidizing bacteria that take part in elemental cycles and 194 

environmental bioprocesses including the bioleaching of sulfide minerals. Whether 195 
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differential ATP contents of cells apply to sulfide mineral oxidation by A. ferrooxidans is 196 

difficult to predict because, for example, pyrite and chalcopyrite represent a mixed 197 

substrate and the complex oxidation can proceed via boundary contact or indirect, Fe3+-198 

mediated pathway or their combination through a cooperative interaction [17]. 199 
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Legend to Figure 1 250 

Fig. 1. Time course of elemental sulfur oxidation by A. ferrooxidans, measured as 251 

changes in (A) sulfate formation by total biomass over time and (B) bioluminescence 252 

expressed as relative luminescence units in the ATP assay mixture. Symbols: , total 253 

cells; , planktonic cells. C, Cellular ATP content in attached (-) and planktonic () 254 

cells; D, Concentration of cellular carbon (TOC) of total (), planktonic (), and 255 

attached (-) cells, 1 mg TOC = 1.25 × 1010 cells.  Cellular ATP data are shown for the 256 

main part of the active growth phase. Standard deviations are indicated with vertical 257 

bars and if not shown, are smaller than the size of the symbol.  258 
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