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Abstract: This study aimed to assess relationships that could exist between methanogens and sulfate-reducing
bacteria (SRB) in termite gut through CH  and CO  measurements. Enrichments of Macrotermes bellicosus gut4 2

inoculum with acetate, formate or lactate and supplemented or not with sulfate were incubated for 60 days at
30°C. Globally, CH  and CO  productions were significantly different (P<0.0001) according to substrate. Mean4 2

CH  amounts were significantly higher in formate than in formate-sulfate cultures (129.258 vs 5.233 µl/ml,4

respectively) and reversely for CO  productions (44.184 vs 25.279 µl/ml, respectively), suggesting that2

formatotroph methanogens could outcompete SRB for formate in the absence of sulfate and reversely in
formate-sulfate culture. Acetate and acetate-sulfate enrichments showed low CH  (12.006 vs 11.457 µl/ml) and4

high CO  (109.817 vs 112.486 µl/ml) productions, respectively. However, no significant difference was found2

between both enrichments for CH  and CO  productions, respectively, indicating a probable syntrophic relation4 2

between methanogens and SRB for acetate metabolism. Lactate and lactate-sulfate enrichments noted important
significant CO  productions contrary to CH  ones in both types of cultivation. SRB, acetotrophic and2 4

hydrogenotrophic methanogens could cooperate for lactate metabolism. The relationships between termites
gut microbial anaerobes leading to CH  and CO  productions may therefore vary according to feed diets.4 2

Key words: Archeae methanogens   SRB   Trophic  relationships  Macrotermes  bellicosus  termite  gut
  Substrates

INTRODUCTION for the common substrates, acetate, formate, H  which are

The anaerobic digestion of polymeric compounds is fermentative processes [2]. For instance, it is shown that
accomplished by the collaboration of various microbial methanogenesis dominates in freshwater sediments
trophic groups [1-2]. In anoxic conditions, sulfate- usually less charged in sulfate, although sulfate reduction
reducing bacteria (SRB) and methanogenic archaea (MA) still occurs. However, this phenomenon is reverse in
are important terminal oxidizers in the anaerobic marine sediments [8, 12-15]. Most of the understanding on
mineralization of organic matter to CO  or to CH  and CO interactions between SRB and MA relies on co-cultures2 4 2

in sulfate-depleted and rich environments, respectively of pure strains experiments. Little is known on their in situ
[3-4]. The activity of both microbial communities as well relationships or environmental factors which affect their
as their dynamic have paid more attention in studies activities.
performed in controlled systems (bioreactors) and natural In the case of termite guts, considered as complex
environments (sediments, soils) [5-11]. bioreactors, microbial methanogenesis results in an

SRB are thought to outcompete methanogens in a oxidation of organic matter and catalytic end-products
medium  containing  non-limiting  sulfate  concentrations [16-17]. Acetate (6.39-80.6 mM), formate (2.6 mM), lactate

2

mostly found in anaerobic ecological niches after
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(0.11 mM), sulfate (0.3-0.7 mM) and other electron donors temperature. 40 ml of the medium were then distributed
or  acceptors are  found  in  the  guts  of  lower  and into 120 ml serum bottles that were afterwards closed with
higher  termites  [16, 18-19]. Furthermore, sulfate present rubber stoppers and aluminum crimp, flushed with O -free
in guts contributes therefore to the growth and argon gas and sterilized at 121°C for 15 min.
metabolism of SRB. Indeed, Kuhnigk et al. [16] showed an After  sterilization, 0.01 ml of 2.4% Na S.9H O and
increase of SRB total number in guts of termites fed 0.03 ml of 10% NaHCO  (sterile anaerobic solutions) were
cellulose moistened with sulfate (40 mM). Moreover, injected per ml of basic medium into the culture vessels.
Sawadogo et al. [20] provided data on CH  and CO In order to follow methanogenesis and/or4 2

productions related to anaerobic microbial communities of sulfidogenesis processes, common electron donors of
termite guts with regard to controlled fed substrates and both MA and SRB namely acetate, formate and lactate
temperature. and sulfate as SRB electron acceptor were added

The lack of knowledge upon relationships between aseptically into the serum bottles giving the following
SRB  and  MA  in  termite  guts deserves more attention. anaerobic preparations: acetate (40 mM), formate (40 mM),
In the present study, the effect of sulfate (SRB electron lactate (20 mM), acetate/sulfate (40/20 mM),
acceptor) and acetate, formate or lactate (both SRB and formate/sulfate (40/20 mM) and lactate/sulfate (20/20 mM).
MA electron donors) on CH  and CO  production from Control bottles without electron donor or sulfate and with4 2

cultures of termite guts was investigated for a better sulfate were prepared similarly.
understanding on trophic interactions between SRB and A freshly prepared termite guts homogenate was
methanogens in this environment. then inoculated at 10% (v/v) into the preparations,

MATERIALS AND METHODS paper and incubated at 30±2°C for 60 days. Triplicate

Collection of Termites: Macrotermes bellicocus termites above.
were  captured  from  the  natural  reserve  of  Somgandé
(12° 24’N, 1° 29’W) in Ouagadougou (Burkina Faso) on Gas Sampling and Analysis: 1 ml of incubated cultures
April 2012, as previously described [20]. The sampled headspace gas sample was withdrawn at 2, 5 and 10 days
termites were immediately carried to Laboratory and only intervals and analyzed for CH  and CO  using a thermal
major workers were selected for experiments. conductivity gas chromatograph Girdel serie 30 equipped

Preparation of Termite Guts Homogenate: Termites were and 100/120, respectively in the following conditions:
surface sterilized with 70% ethanol and washed 2-3 times column temperature 60°C; injector temperature 90°C;
with distilled water [21]. 110 termites were degutted with detector temperature 100°C; H  as carrier gas, as described
sterile fine-tipped forceps and put into a 120 ml sterile by Sawadogo et al. [20].
serum bottle containing 110 ml anoxic distilled water and
sterile glass beads. The bottle was then sealed with a Statistical Processing of Data: XLSTAT 7.5.2 was used
rubber stopper and aluminum crimp, then, the headspace for statistical analysis of data. ANOVA was performed to
gas was flushed by a stream of O -free argon gas. The set compare mean CH  and CO  values among substrates2

was then shaken for 15 min to obtain the homogenate of throughout the incubation periods. Fisher’s LSD post hoc
termite guts. test was applied to determine significant differences

Medium and Cultivation: Hungate anaerobic techniques Relationship between CH  and CO productions was
[22-23] were used. The basic medium was adapted from stood by using the correlation test of Pearson at  = 0.05.
Balch and Wolfe [24] and contained (per liter of distilled
water): 0.3 g K HPO ; 0.3 g KH PO ; 0.6 g NaCl; 0.1 g RESULTS2 4 2 4

MgCl . 6H O; 0.1 g CaCl . 2H O; 1 g NH Cl; 0.1 g KCl; 0.52 2 2 2 4

g Cystein-HCl; 1 g yeast extract; 1 g peptone; 1 ml trace Impact of MA and SRB Substrates on CH  and CO
elements solution [25] and 1 ml 0.1 % (w/v) resazurin. The Productions: The production of CH  and CO  was
pH of the medium was adjusted to 7.0 with 10 N NaOH determined throughout the experiment with acetate,
and 4 N HCl solutions before the mixture was boiled under formate or lactate supplemented or not with sulfate as
a stream of O -free argon gas and cooled to room substrates.   From   the   results   obtained,   the  variance2

2

2 2

3

afterwards the bottles were recovered with aluminum

cultures were performed for each substrate as mentioned

4 2

with two columns in parallel, filed with porapak Q 80/100

2

4 2

according to considered variables at  = 0.05.
4 2

4 2

4 2
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Table 1: ANOVA summary statistics for CH and CO  productions with regard to substrate type and incubation period.4 2

CH CO4 2

---------------------------------------------------------------- ------------------------------------------------------------------

Sources df Mean square F P Mean square F P

Substrate 7 50825.477 174.617 < 0.0001 101176.611 432.915 < 0.0001

Period 8 3161.197 10.861 < 0.0001 1573.031 6.731 < 0.0001

Substrate*Period 56 1176.956 4.044 < 0.0001 425.323 1.820 0.002

Table 2: CH  and CO  production from cultures of termite gut homogenate in the presence/absence of acetate, formate and lactate with/without sulfate during4 2

all experiment period.

Productions of CH  and CO  (µl/ml culture headspace)4 2

-------------------------------------------------------------------------------

Substrates CH CO CH /CO  (%)4 2 4 2

Acetate 12.006±1.749 109.817±3.965 10.93±1.20b d

Formate 129.258±13.068 25.279±1.929 511.33±12.75a g

Lactate 9.577±1.683 182.585±4.538 5.24±0.79bc b

Control 1.859±0.459 100.132±1.712 1.86±0.43e e

Acetate-Sulfate 11.457±3.075 112.486±2.719 10.18±2.49b d

Formate-Sulfate 5.233±1.361 44.184±2.897 11.84±2.31de f

Lactate-Sulfate 6.313±1.115 205.778±5.646 3.07±0.46cd a

Control-Sulfate 2.632±0.451 126.246±3.025 2.08±0.31de c

Nota: CH  and CO  productions are reported as means±SE; n = 27. Means with a same letter within a column are not significantly different at P < 0.054 2

(Fisher’s LSD).

analysis revealed CH  and CO  productions significantly CH  production,  although  not  significantly  for  acetate4 2

different upon substrate type (P < 0.0001) and incubation (P = 0.778) and lactate (P = 0.095).
period (P < 0.0001), respectively (Table 1). The interaction In parallel, the CO production was relatively
of both factors (substrate*period) impacted also important with respect to substrate type. The minimum
significantly   the  productions  of  CH   (P  <  0.0001)  and (25.279 and 44.184 µl/ml culture headspace) and maximum4

CO  as well (P = 0.002). (182.585 and 205.778 µl/ml culture headspace) CO2

Effects of Exogenous Sulfate-Supplemented or Free formate-sulfate, lactate and lactate-sulfate, respectively
Acetate, Formate and Lactate Substrates on CH  and CO (Table 2). A significant increase in CO  exhibition was4 2

Productions: From the mean CH  and CO productions observed in all substrates cultures (including the control)4 2

upon growth substrates provided to anaerobic gut when amended with sulfate (P < 0.0001), except acetate
bacteria (Table 2), CH exhibition   was   strongly   and one for which a non-significant slight increase was4

significantly higher in cultures amended with formate noticed (P = 0.522). Contrary to CH  productions, the CO
(129.258 ± 13.068 µl/ml culture headspace, P < 0.0001) than ones were globally greater in sulfate-amended cultures
in those with other substrates. CH  formed with acetate than in those without sulfate, as shown by Table 2.4

was superior to the production with lactate, although the Otherwise, sulfate emendation appeared to impact
difference was not significant (P = 0.213). However, the negatively methanogenesis in our experiment conditions.
productions with both substrates (acetate and lactate) The mean ratio of methane to carbon dioxide was
were significantly over that recorded in the control, determined upon each substrate. The outcome underlined
respectively (P < 0.001 and P = 0.000). Remarkably, the the highest ratio with formate (511.33 ± 12.75%, v/v) and
mean CH  productions in cultures with free substrates the lowest ratios on sulfate-amended lactate and acetate.4

were higher than in those with sulfate emendation,
respectively, although no significant difference was Dynamic of CH  and CO  Productions over Incubation
observed for acetate and lactate (Table 2). Thus, the Period  and Substrate Type: Globally, for all the
addition of sulfate in a medium containing one of the substrates tested, both gases production considerably
exogenous electron donors tested, impacted negatively varied  with  the  culture   incubation   period   (Figure  1).

4

2

2

amounts were observed in media containing formate,

2

4 2

4 2
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Fig. 1: Production of CO  and CH  from cultures of termite guts for all included substrates as a function of incubation2 4

days. CH  was converted into CO  equivalents by multiplying CH amounts by a factor of 25 corresponding to4 2 4

CH GWP compared to CO  one on a 100 year time horizon. Error bars are standard errors of means (n = 24) at4 2

each incubation period. Means with a same letter on a curve are not significantly different at P < 0.05 (Fisher’
LSD).

Fig. 2: Variation of CH  (round symbol) and CO (triangle symbol) production (µl/ml culture headspace) by homogenate4 2

of termite guts fed formate (A), acetate (B) or lactate (C) without sulfate (line) and with sulfate (dash). Means±SE,
n = 3. A= acetate; F= formate; L= lactate; S= sulfate.
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Produced CO  amounts  clearly  increased  significantly production from 22 to 57 days (8.757 to 26.009 µl/ml). CO2

(P < 0.0001) from 2 to 7 days incubation period amounts increased from 2 to 17 days (95.483-125.255 µl/ml)
(96.762±7.409 to 122.378±12.321 µl/ml culture headspace). and then, decreased up to 108.427 µl/ml.
However, a significant  decrease  in  CO  production  was The culture grown on lactate and lactate-sulfate2

noted  from 7 to 57 days (122.378 to 106.216 µl/ml, P = initiated methane production after 17 days of incubation
0.000). As for CH , its release evolved from undetectable (2.116  and  1.253  µl/ml,  respectively)  to  reach  maxima4

values to 35.162 ± 11.701 µl/ml (Figure 1). The productions of 21.519 and 13.506 µl/ml the 57  day, respectively
were significantly enhanced from 12 to 57 days (P = (Figure 2C). CO  was more produced, in general, during
0.009). Although CH  amounts were lower compared to the first 22 days of incubation and then, the production4

those of CO , the integration of methane global warming gradually decreased in both types of culture, respectively2

potential (GWP) which is 25 times the CO one on a 100 (Figure 2C).2

year time horizon [26] led to higher CO  equivalent2

amounts for CH  than those of produced CO (Figure 1). DISCUSSION4 2

Thus, CH  equivalent CO  productions ranged from4 2

221.601 ± 110.012 to  879.044  ±  292.537  µl/ml  culture Termite guts are considered as complex bioreactors
headspace  for  7  to 57 days incubation period. The data where several biochemical processes take place thanks to
obtained showed a significantly negative correlation activities of different microbial communities [17]. During
between CH  and CO  productions (r = -0.484, P < 0.0001) anaerobic degradation of acetate, formate and lactate,4 2

over the incubation period. methane accumulated at concentrations higher than those
For each substrate tested with the termite gut pertaining in cultures added to sulfate while CO  declined

inoculum supplemented or not with sulfate, the dynamics after a certain time of incubation. Substrates’ metabolism
of CH  and CO  amounts produced over incubation time in mixed ecosystems leads to interspecies hydrogen4 2

are depicted in Figure 2. In the absence of sulfate, the transfer that might play a key role in the maintaining of
culture grown on formate revealed an important low hydrogen level to ensure the life and functionality of
exponential-like production of CH  (up to 131.039 µl/ml overall microbial communities.4

culture headspace) for the first 12 days followed by a Our results on cultures devoid of sulfate gave a
gradual increase reaching 178.039 µl/ml the 57  day better production of methane with formate than acetate inth

(Figure 2A). Inversely, there was a gradual decrease in agreement with our previous work [20], whereas the trend
CO production throughout the incubation period (from was contrary to the findings of Gomathi et al. [21] from2

47.444 - 21.987 µl/ml the 2  day to 17.672 µl/ml the 57 cultivation of Macrotermes sp termite gut inoculum.nd th

day). By contrast in the presence of exogenous sulfate, Converted into µmol CH /culture, 573.25 µmol CH  were
CH  production remained very low (with a maximum value accounted for formate on 57 days in our experiment and4

of 9.351 µl/ml culture headspace) all along experiment that was also supported by Dolfing et al. [27] who also
period although a weak rising was observed the 12  day found more than 400 µmol CH  produced in co-culture ofth

(Figure 2A). Furthermore, CO  amounts slightly declined Desulfovibrio sp strain G11 and Methanobrevibacter2

from 55.211 to 40.828 µl/ml for the first 12 days and then arboriphilus AZ on formate after 55 days incubation
remained relatively constant until the 57  day. period.th

On formate, the highest CH  and CO  productions This important methane production could be4 2

were found in the absence and presence of sulfate, explained by the high competitiveness of methanogens
respectively, whereas the lowest productions of both for  formate  to  outcompete  SRB  (reactions  1  and  2,
gases were recorded in the presence and absence of Table 3) in cultures without sulfate. In addition, the
sulfate, respectively. important decrease of CO  production observed during

As for the enrichment on acetate in the absence of the increase of CH  production could be partially
sulfate, CH  production gradually evolved with a maximum explained by the reduction of CO  generated during4

of 24.970 µl/ml (Figure 2B). CO  amounts increased up to formate metabolism (reaction 1, Table 3) into methane by2

120. 508 µl/ml between the 2  and the 7  day, but declined hydrogenotrophic methanogens in presence of molecularnd th

until 101.667 µl/ml the 57  day. On the other hand in the hydrogen provided through interspecies hydrogenth

presence of sulfate (Figure 2B), two phases in methane transfer (reaction 2, Table 3). From both reactions, it
production were observed: a very low production (0-4.379 seems that formatotrophic and hydrogenotrophic
µl/ml) during 17 days of incubation and an important methanogens  could establish a syntrophic relationship to

2

th

2

2

4 4

4

2

4

2
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Table 3: Anaerobic degradation reactions, methanogenesis and sulfate reduction and standard changes in Gibbs free energies.

N° Reactions G°´(Kj/reaction)

1 4 HCO  + 4 H  CH  + 3 CO + 2 H O -130.12 4 2 2
- +  [36]

2 4 H  + CO  CH  + 2 H O -135.62 2 4 2
 [36]

3 4 HCO  + SO  + H  4 HCO  + HS -230.72 4 3
- 2- + - -  [37]

4 4 H  + SO  + H  HS  + 4 H O -151.92 4 2
2- + -  [37]

5 C H O  + H O  CH  + HCO -31.02 3 2 2 4 3
- -  [36]

6 C H O  + SO  2 HCO  + HS -47.62 3 2 4 3
- 2- - - [37]

7 C H O  0.33 C H O  + 0.67 C H O  + 0.33 HCO  + 0.33 H -55.73 5 3 2 3 2 3 5 2 3
- - - - + [11]

8 C H O  + 0.75 SO  C H O  + HCO  + 0.75 HS  + 0.25 H -37.73 5 3 4 2 3 2 3
- 2- - - - + [11]

9 C H O  + 1.75 SO  3 HCO  + 1.75 HS  + 0.25 H -85.43 5 3 4 3
- 2- - - + [11]

the  detriment  of  SRB.  On  the  other  hand  and Considering that lactate is the most common
interestingly in formate cultures amended with sulfate, substrate of SRB, its oxidation was revealed to be
SRB  activity  was  more  significantly predominant  and incomplete in anoxic environments such termite hindguts
was  demonstrated  by  a  strong  reduction  of  95.95% which can contain large concentrations of  sulfate  up  to
CH   release  compared  to  formate  cultures  without 24 mM in sulfate fed termites [16, 33-34]. Indeed, from the4

sulfate  (Table  2).  SRB  display  a  higher  affinity  for reaction (7) (Table 3) where sulfate does not occur,
formate in the presence of sulfate than methanogens fermentative degradation of lactate provides acetate and
(reaction 3, Table 3). Nevertheless the low CH production propionate. Although lactate is not a growth substrate of4

noted on Table 2 and Figure 2 could result from the methanogens, these latter could use acetate produced to
reduction of CO  produced in equation (3) by molecular form methane according to reaction (5). The late2

hydrogen as shown in reaction (2). However, in this case production of methane in our results could be related to
too, SRB in presence of sulfate appear to be more the time required to generate acetate from lactate
competitive than hydrogenotrophic methanogens as fermentation (17 days in our experiment conditions). Since
evidenced by the ÄG°’ values (reactions 2 and 4, Table 3). 2/3 of the carbon atoms of lactate were recovered as
Crable et al. [28], in their review, evoked that formate is acetate while the remaining carbon atoms were used to
consumed through oxidation to CO  and H  or it can be CO formation as underlined by Pester and Brune [34],2 2

further reduced via the Wood-Ljungdahl pathway for acetate concentration could be reduced and consequently
carbon fixation; that supports the high CO  reduction used to induce a low production of methane. For instance,2

observed in our finding on formate cultures. in the absence of sulfate and hydrogen, according to
Methane production from acetate oxidation was Plugge et al. [35], SRB and methanogens feed together by

independent of the presence of sulfate. Although lower in cooperating to complete the following energy-yielding
our study than that of Qatibi et al. [29], the same level of reaction:
methane amounts produced in the presence and absence
of sulfate is in agreement with the results of these 2 Lactate  + H O  2 Acetate  + CH  + H + HCO
authors. The low affinities of methanogens and SRB for
acetate and acetate-sulfate resulted in weak and not In the presence of sulfate, fermentative lactate
significant methane productions in both cases, degradation  could  lead  to  either  the  reaction  (8)  or  (9)
respectively (reactions 5 and 6, Table 3). The most with respect to sulfate availability. As described above,
probable case that could explain the presence of CH  in acetate could be used for the methane production.4

cultures added to sulfate would be that one part of CO However,  the  decrease  in  CO   production  associated2

(HCO + H  = CO  + H O) produced was then consumed to  an  increase  of  methane  production  noted  from  223 2 2
- +

with hydrogen (reaction 2, Table 3) as revealed from 17 to 27 days incubation period in both cultures, let assume
days  of incubation   (Figure  2).  Acetate  constitutes a that hydrogen released during lactate oxidation was
major end-product of microbial fermentation in the gut of coupled to CO reduction for enhancing CH  exhibition.
termites and its oxidation by termite serves as energy and Although hydrogen seems to play a crucial role in CO
carbon source allowing supporting up to 100% the insect reduction  and   CH    production,   no   exogenous H
respiratory requirement [16, 30-32]. Thus the low was  added  to  enrichments  in  this  study  because of
methanogenesis on acetate noted in both types of culture the high partial pressure of hydrogen which limits
could be beneficial for termites’ survival. methanogenesis as revealed in  previous  studies [20-21].

2

- - + -
2 4 3

2

2 4

2

4 2
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Moreover, sulfur compounds synthesized during sulfate 3. Winfrey, M.R. and J.G. Zeikus, 1977. Effect of sulfate
reduction are considered as toxic and inhibit
methanogenesis process.

CONCLUSION

The results of this study showed scenarios of
methane and carbon dioxide exhibition when anaerobic
termite gut microbes were exposed to acetate, formate or
lactate with and without sulfate addition. The metabolism
of these substrates, mostly found in termite guts,
indicated an interesting variation of CH  and CO4 2

productions. The relevant information brought from this
experiment resides, somehow, in the management of both
greenhouse gases production that can contribute to types
of research targeting carbon sequestration, biogas
valorization and mitigation of enteric greenhouse gas
emission. Although microbiological fingerprints were not
performed, cooperation and competition relationships
were expected between methanogens and sulfate-
reducing bacteria involved in CH  and CO  production4 2

during substrates degradation. The detailed overview of
both gases production with different substrates
throughout culture period could help to get more insight
the trophic relationships among microbial anaerobes in
termite guts sustaining CH  and CO  release in this4 2

environment. Therefore, further researches using
molecular biology approaches are needed to elucidate the
trophic relationships among termite gut microbial
communities, particularly those prevailing between
methanogens and SRB, sustaining methane and carbon
dioxide productions.
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