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The role of microbes in the karstification process was determined based on the karst dynamics, CO2 capture, and carbonate depo-
sition. A close relationship was found among microbial activity, karst dynamics and stability, and the carbon cycle in a karst eco-
system. More in-depth studies were needed to investigate the impact of microbes on karst dynamics within different eco-envi-    
ronments under natural conditions to determine the response of biological organisms to a changing environment, as well as the 
relationship between microbial organisms and the karstification process. 
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Karstification is a process whereby highly soluble karst 
stones such as limestone and dolomite are dissolved away 
or modified via chemical reactions (corrosion and precipita-
tion) in surface and underground water. It is also driven by 
the mechanical forces from runoff erosion and precipitation, 
and gravity-collapse erosion. The chemical reactions can be 
described as  
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According to some documented results from laboratory 
studies, carbonic anhydrase, the enzyme which converts 
CO2 into HCO3

, participates in the two chemical reactions 
described above, thus speeding up corrosion of limestone 
and dolomite [1]. However, Ca2+, HCO3

, CO3
2, CO2, H2O, 

and CaCO3 will rapidly reach a balance under natural con-
ditions. It has therefore been very difficult to define the 
function of carbonic anhydrase, and even of biological or-
ganisms, in the karstification process [2,3].  

Chemical corrosion of carbonate rocks has been proven 
in several studies to provide a major carbon sink for atmos-
pheric CO2 (or soil CO2) [4,5]. The question is whether soil 
and petrophilic microbes participate in the karstification 
process, and, if they do, to what degree they are involved, 
and which microbial species are present in a karst ecosys-
tem. Answers to these questions could also be helpful in the 
identification of missing links in the current versions of 
carbon-cycle models. In addition, studies in this field are 
very likely to find new functional microbial communities 
and carbon-capture pathways, thus providing invaluable 
information to the field of karstification. This research pro-
ject aimed to identify the karst microbes, to determine the 
role they play in capturing CO2 and inducing carbonate 
formation, and to evaluate microbial influences in a karstified 
ecosystem and the resultant contribution to the carbon cycle. 

1  Varieties and functions of microbes in karst 
systems 

A microbial population is made up of bacteria, viruses, fungi, 
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and some small protozoans. According to an estimate by 
Whitman et al. [6], there are as many as 4 × 1030 – 6 × 1030 
prokaryotic microbial species on Earth. Because of their 
rich variety and wide distribution, microbial organisms are 
found nearly everywhere on Earth, including surface water, 
underground water, and the surfaces of carbonate rocks. 
Additionally, these microorganisms are exceptionally recal-
citrant. They can rapidly form different types of communi-
ties to adapt to various ground environments and to influ-
ence the environment in the surrounding area by producing 
metabolic products from individuals in the population or 
using the network of interspecies interactions within the 
communities in which they reside [7]. Microbes are un-
doubtedly involved in the karstification process.  

In recent years, several studies have been reported on 
microbial diversity in forest soils and peak-cluster depres-
sions in karst regions [8,9], and microbial communities in 
surface water and underground water environments [10–12]. 
However, very little is known about the microbes growing 
on carbonate rock surfaces. Tang et al. [13] used a non- 
culture method to analyze the microbial diversity on the 
surfaces of dolostone and limestone rocks. They identified 
many species of autotrophic bacteria such as the nitrogen- 
fixing and photosynthetic Cyanobacteria, the anaerogenic 
photosynthetic green non-sulfur bacteria, and heterotrophic 
bacteria such as Proteobacteria, Actinomycete, and Acido-
bacteria. A more in-depth analysis determined that there is 
a rich diversity of karst rock microbes, including fungi and 
archaeobacteria. In another similar research project by 
Horath and Bachofen [14], multiple strains of Cyanobacte-
ria were identified on the surface of dolostone in the Alps. 
The bacterial strains were Leptolyngbya spp., Actinobacte-
ria, Alpha-Proteobacteria, Bacteroidetes, Acidobacteria, 
Chloroflexaceae; Archaea, amoebas, and eukaryotic micro-
bial green algae were also found. Therefore, it is common 
for a variety of microbial organisms to reside on the same 
limestone surface. However, little attention has been given 
to the role of these microbes during karstification and the 
impact on the environment resulting from the interaction 
between these microbes and carbonate rocks. 

A few studies have been carried out to identify the de-
termining factors in the karstification process; these studies 
include laboratory tests on soil-rock-water systems, and 
field experiments monitoring the karstification rate in soil 
with different organic matter contents and at various levels 
of CO2 released by soil respiration [15–17]. However, the 
microbial role in karst processes and the affecting factors 
remain unclear. In a case study of the karst system in a 
peak-cluster depression region in Guilin, China, Pan and 
Cao [16] attempted to identify the function of karstification 
in the epikarst zone. The results from this study show that 
high soil CO2 concentration is a driving force of the 
karstification process, and the epikarst zone is actually an 
ecological process occurring in the Earth’s surface system. 
This information is very important for the identification and 

prediction of microbial functions in the karstification process.  
Ding and Lian [18] first isolated microbes from rock sur-

faces and then used the cultures to study microbial activity 
during the weathering process of carbonate rocks. The re-
sults show that the microbial communities differed signifi-
cantly in their abilities to dissolve calcium carbonate. The rate 
of solubilization of calcium carbonate (measured by the re-
leased Ca2+ concentration) for the strains FeM002, BYwM020, 
F8B008, BYB004, and BYB020 were 3.53, 1.90, 1.67, 1.37, 
and 1.09 times higher, respectively, than that of a pure cul-
ture broth control, and 15.29, 8.20, 7.22, 5.93, and 4.73 
times higher, respectively, than that of a water control. It is 
obvious that the microbes were much more efficient at dis-
solving calcium carbonate than pure physical and chemical 
weathering processes are. Bacteria with a high acid-pro-     
ducing capacity are not necessarily the most effective in 
causing weathering of carbonate rocks. Additional factors in 
this process include the specific proteins and enzymes.  

Dou and Lian [19] studied microbial strains of a rock- 
borne fungus (Aschersoni sp.), and they found that fungal 
mycelia also penetrate and wrap the mineral particles’ sur-
face and crack, thus affecting the weathering process. After 
incubation of the fungus in a calcite-weathering medium, 
the Ca2+ content in the clear supernatant of the culture was 
3.98 and 13.73 times higher than that for a control cultured 
with dead bacteria and that for pure water, respectively. 
This result confirmed the strong activity of the fungus in the 
weathering process of calcite minerals. In contrast to the 
small single-cell bacteria, fungal mycelia can generate me-
chanical pressure during penetration of the rocks and by 
wrapping up particles, thereby expanding the activated sur-
face area of the mineral. This explains why fungi have 
stronger weathering capacities in general compared with 
bacteria [20–23].  

Therefore, the mechanical pressure from microbes on 
carbonate rocks is also an important factor affecting their 
ability to induce weathering of carbonate rocks. In addition, 
fungi also produce a more complete set of enzymes and a 
larger variety of metabolic products, and this could be an-
other factor in their more prominent role in mineral weath-
ering compared with that of bacteria. 

During weathering of carbonate stones, microbes employ 
the following three strategies: (1) chemical weathering, in 
which organic acids and ligands secreted by microbial me-
tabolism control the decay of carbonate rocks; (2) biological 
physical weathering, where the microbial growth creates 
physical pressure to break down the mineral particles, for 
example, fungal mycelial growth penetrating inside mineral 
rocks, breaking them down to smaller particles, or making 
the surface of the rocks more accessible to microbial infec-
tion and corrosion; and (3) enzymatic weathering, in which 
enzymes and other active compounds secreted by the bacte-
ria or fungi degrade carbonate rocks. 

Growth and metabolism of microbes are affected by en-
vironmental factors. Depending on the environmental con-
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ditions, microbial organisms can employ one or combina-
tions of the three strategies described above in weathering 
minerals at varied rates. Based on whether the microbes 
have direct contact with carbonate particles, mineral weath-
ering can be divided into two types: direct and indirect 
weathering. In indirect weathering, there is no direct contact 
between the microbes and mineral particles. Weathering is 
achieved mainly by the acidic metabolic products or en-
zymes produced by the microbes, which would speed up the 
karstification process. 

The acidic metabolic products secreted by microbes in-
clude citric acid and acetic acid, and these acids can degrade 
and dissolve mineral rocks, including limestone. This pro-
cess has been described as the major mechanism for chemi-
cal weathering or biochemical weathering of minerals 
[22–25]. 

Enzymes for carbonate rock weathering belong to the 
carbonic anhydrase family, and these enzymes are produced 
by almost all organisms, both autotrophic and heterotrophic. 
Several studies [26–29] have confirmed that carbonic anhy-
drases can increase the rate of release of Ca2+ and Mg2+ 
from carbonate rocks, and the degree of solubility of Ca2+ is 
positively correlated with the activity of carbonic anhy-
drases. When the enzymes were supplemented into a karst 
system, carbonic anhydrases catalyzed the conversion of 
CO2, and increased the corrosion rate of limestone by al-
most one order of magnitude [1]. In a natural setting like a 
river basin, the role of carbonic anhydrases produced by 
biological organisms in the karstification process has not 
been validated [2,3]. Nevertheless, it is true that citric acid, 
acetic acid, and other acidic metabolic products produced by 
microbes influence a karst system by indirect weathering.  

Direct karstification caused by microbes is much more 
effective, but is often neglected. Microbes attach to the sur-
face of, or reside in, cracks in limestone. Growth of biomass 
and extension and twisting of mycelia, as well as penetration, 
can result in the activation of the rock surface [20–22], thus 
producing stronger effects by the microbial acidic metabolic 
products or enzymes, immediately or later, and speeding up 
rock weathering and the karstification process.  

2  The capture of CO2 by microbes and  
induction of carbonate formation 

Wright [30] found needle-fiber calcite in Lower Carbonif-
erous limestone in South Wales. It was postulated that these 
stones were formed by the calcification of fungal mycelia. A 
study by Masaphy et al. [31] showed that the mycelial 
growth of mushrooms promoted deposition of calcium car-
bonate. During the karstification process, oxalic-acid-pro-    
ducing fungi convert limestone Ca2+ ions into calcium oxa-
late, which is used as an energy source by some bacteria. In 
the latter reaction, calcium oxalate is converted into calcium 
carbonate. Results from a study by Lian et al. [32] indicate 

that bacterial thallus, metabolic products, as well as the nu-
trient conditions, all significantly affect the appearance of 
calcite formation.  

Bacterial cultures grown in a broth devoid of nitrogen 
nutrients contain fewer cells but have a higher exopolysac-
charide content compared with cultures grown in a nitro-
gen-sufficient medium that has a higher cell density but 
lower exopolysaccharide content. When the former culture 
was added to a calcite crystallization system, the calcite 
formed had a smoother surface and larger but fewer crystals. 
However, when the latter culture was added to the system, 
the calcite crystals had rougher surfaces with a larger num-
ber of, but smaller, crystals [33]. This study suggested that 
mineralizing sites on the bacterial surface and carbonate 
anhydrases in the bacterial culture may affect formation of 
carbonates by absorbing Ca2+ and regulating the balance 
between the HCO3

 and CO2 contents.  
In a study by Li et al. [34], it was shown that when apa-

tite was used as the sole calcium and phosphate source, Ba-
cillus mucilaginosus degraded the stone and also simulta-
neously produced calcium carbonate. This was because the 
bacterium has a high affinity with positively charged ions 
[35,36], and the carbonic anhydrase derived from the mi-
crobe was used to catalyze the hydration of CO2. Under nat-
ural conditions, the reaction of calcium carbonate formation 
induced by microbes is in the opposite direction to that of 
the karstification process. However, it is still possible to 
increase the carbon sink, and the carbonate compounds will 
re-enter the karstification cycle, thus affecting the progress 
of the original process. 

Hou et al. [37] conducted a study on a soil-borne strain, 
Aletnaria sp., which uses nitrate as a nitrogen source. This 
fungal strain can actually use Ca(NO3)2 as a nitrogen source 
via the reduction of NO3

 to NH4
+ by nitrate reductase and 

nitrite reductase; this causes an increase in the pH value of 
the medium. The Ca2+ ions in the medium react with the 
CO2 released by fungal respiration, or with HCO3

, to form 
calcium carbonate. According to a prediction by Galloway 
et al. [38], global atmospheric nitrogen deposition will con-
tinue to increase in the next decade; atmospheric nitrogen 
oxides will eventually enter soil and water systems in the 
form of nitrates. Then the nitrate reduction reaction will 
increase the soil pH value. Thus, higher nitrogen deposition 
will not only enhance CO2 uptake by photosynthesis, but, 
theoretically, it could also promote the formation of soil 
carbonates, thus reducing the amount of CO2 released by 
soil respiration. In the karst region of southwest China, the 
soil and water systems have high calcium contents, and 
have high potential for fixing CO2 and forming new car-
bonates. Soil could act as a sink for atmospheric CO2 by the 
uptake of CO2 through a geochemical soil system, atmos-
pheric CO2 could be captured and convertd into solid-phase 
carbon components at high pH values and under calci-
um-rich conditions [17]. Identification of the role of mi-
crobes in this process should be intensively studied.  
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In a field monitoring experiment, Liu et al. [39] found 
that the global water cycle is likely to produce an important 
sink for CO2 by dissolution and absorption of CO2 into the 
water. The rate of this process would increase with increas-
ing carbonate dissolution and increasing CO2 consumption 
by aquatic plants through photosynthesis.  

The uptake of inorganic carbon by microbes, especially 
the heterotrophic species, is not given sufficient carbon-sink 
credits in the current generation of carbon-cycle models. A 
study by Zhang et al. [40] indicates that when B. mucitagi-
nosus was cultured under defined conditions, it was able to 
use carbonic anhydrase activity to hydrate atmospheric CO2; 
then the product, HCO3

, entered some of the metabolic 
pathways of the bacteria. This suggests that HCO3

 dissolved 
in karst underground water, as well as in rivers, streams, 
and ocean, is not only used by photosynthetic microbes, but 
a portion of the pool can also enter non-photosynthetic mi-
crobes. The presence of two users would significantly en-
large the size of the microbial carbon sink. If it can be vali-
dated, this hypothesis will be very useful for explaining the 
unexplained carbon loss in the carbon cycle and the input- 
output imbalance of global CO2. This will be a good subject 
for future investigations. The participation of HCO3

 in mi-
crobial metabolism and its conversion into organic carbon 
will slow down the process of CO2 release and will certainly 
affect the rate of karstification.  

For microbial carbon fixation, some products will re-en-    
ter the atmosphere through respiration, but the major por-
tion will feed into the biological cycle or be deposited on 
the ground. Therefore, the interactions between carbonate 
rocks and microbes will not only speed up the weathering 
process of carbonate rocks, but also help to stabilize the 
carbon sink by uptake of inorganic carbon during the 
karstification process. 

3  Conclusion 

Microbial activity is one of the most active geological pro-
cesses on Earth. It plays an irreplaceable role in the karst 
dynamics system [25]. The role of microbes during karstifi-
cation is very complex. Under certain conditions, microbes 
can speed up the process, promoting deposition of CO2. On 
other occasions, acids derived from the microbial metabolic 
products can also enhance the solubility of limestone and 
the release of CO2. Additionally, microbes can use CO2 
released by organisms or stored in the atmosphere to induce 
the formation of carbonate. All of the above-described 
events can coexist in a karst region; however, which process 
plays the leading role depends on the ecological environ-
ment. To achieve a quantitative evaluation will need sys-
tematic field-site monitoring as well as laboratory experi-
mental data. It is obvious that microbes are part of the karst 
ecosystem under natural conditions. They affect the stability 
of carbonate rocks and the rate of the karstification, and 

eventually the micro and macro appearance of the karst re-
gions.  

In summary, the karstification process and the carbon 
cycle in the karst region are closely related to the microbial 
population. An integrated study of different types of eco-
logical environments will be needed to define the quantita-
tive impact of different microbial communities and meta-
bolic products on the karst process under natural conditions, 
to determine the response of biological organisms to envi-
ronmental variation, and to determine the relationship be-
tween microbes and the carbon cycle in a karst ecosystem.  
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