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Abstract

Carbon dioxide is effective for extending the shelf-life of perishable foods by retarding microbial
growth. The overall effect of carbon dioxide is to increase both the lag phase and generation time
of microorganisms. However, the role of carbon dioxide in affecting the growth and metabolism of
any given microorganisms is not clear yet, although its inhibitory effect is generally found al moderate
to high concentrations. Systemalic studies of the effects of carbon dioxide on microorganisms are
therefore warranied. It is also necessary to understand the role of carbon dioxide in the preservation
of foods as well as the control by carbon dioxide of fermentations of biotechnelogical importance.
In this review, the antimicrobial effect of carbon dioxide on microorganisms is investigated in terms
of its gas and sclution properties, inhibition of microbial growth and specific metabalic processes,

perturbation of membrane structure.
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Table 1. Solubilily of carbon dioxide in water al various
pressures and ternperatures(volumes of COy
al 1 atm/volume of waler}

Pressure Temperature(°C}

(psi) 0 12 20 26 32
15 3.6 2.20 171 184 120
25 4.58 204 220 193 1.70
35 5.80 369 286 2.42 213
45 6.55 4.13 3.44 291 256
55 811 5.17 4,02 340 2.89
60 871 553 4.31 3.64 3.20
70 9.56 6.27 41,89 414 363
80 1102 7.00 b.46 462 4.06
a0 1218 74 5.04 212 449

160 13.31 8.40 562 560 191

Data from Qunn and Jones{4)
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GAS PHASE
pC02  determined by
Phase volume
Temperatire and pressure
Atmosphere composition
COq COs
T Tl
LIPID PHASE | AQUEOUS PHASE
COs 4 > OO > HCO7
pH
dCQ:z delermined by’ Partition dCOq delermned by:
Solubility coefficient Solubility
Velume Volume
Temperature Temperalure
Aqueous pH
COp HCOs
~ ;
CO; ? MEMBRANE
Permeahility
Tl
CQe<2i>? CYTOPLASM

Transfer from
lipid phage?

CQp &= HCO;
pH

T Decarboxylations
cCO: determined by
Exiernal COg conc.
Cyloplasmuc solubility
Prolein binding
Metabolism

Fig. 1. Factors affecting the distribution of dissolved carbon dioxide belween a cell and three environmendtal

phases(7).
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Table 2. Effecl of elevaled carbon dioxide concentralion on the growlh and survival of cells and microbes

Species Description of inhibition effect
Agualinderella 0.05 to 0.2 alm pCOs 15 Lhe optmum for growth Above 0.2 atm mhibition cecurs although
fermentans cells are slll able to prow at 1 atm.

Aspergitius ap.

Bacilius cereus
(vegetative cells)
(spares)

Bacillus
megaterium

Bacillus subkillis
(vegetative cells)
(spores)

Condida scatti

Candida wtils

Clostridium
sporogenes
{spores)

Clostridium
perfringens
Escherichia colt

Mouse adrenal
tumeour cells

Mucor rouxi:

Penictilumm sp,

Phurnatotrichum
ORIUarLI

Polytomella agilis

Complete intubition of growih at 1 atm pCOs

Specific growlh ratet)=0 at 3 atm pCQy. 50% mhibition of 1 occurs at 13 atm while 20%
mhibition occurs at 0.5 atm.

1 atm pCOs at pH 6.7 reduced % germination to 25% ol control %6 germunation 1s higher
at pH 8.7 than al pH 5.6. i.e. CCu {ag) appears 1o be the effector The inhibitory effecl of
COgzl(aq) is shared by other gases with inhibition of germination, in increasing order of potency
He<Ar=Nz< Ar<Kr<Xe<Nz0<COy NoO and COs were Lhe only gases mhubiting germinalion
at | atm with the mhibitory effect of these gases being completely reversible at wnereased
hydrosialic pressure, i.e they bhehave as typical anaesthetics, Thus, it is nol surprising that
the inhibitory effecl of the above gases are 1 Lhe order of their relative lipid solubilities.
Addinenal ‘chemical’ effects are however, proposed for N20 and CQ-. L 1s worth noting that
germinalion appears to be more sensttive 1o this addibional chemical effect or, alternalively,
more sensilive (o the membrane effect than is the growth rale of the vegelative cells

At 078 atm pCO4. W is decreased four-fold,

In contmuous culture, P 1s greatest al pC0»=0.03 alm. AL 0.17 alm, U is decreased by 40%
(pH 7.0, 37°C).

Germination was increasingly inhibited as [HCOs ] was increased [rom 10 to 100mM al pH
8.0, The obscrved inhibition was more marked at pH 6.0, mndicating thal bolh COuiag) and
HCOq inhibit germination, Nole thal alcohols, well known [or their membrane perturbing
elfects, also mhibit gerrmmation.

[n the pH range 45 10 55, pCO; values between 0.01 and 0.42 atm gave apparenl competilive
wthibition of growth. This ellecl was presumed ta be due to mhibition of membrane transport
processes by COg {ag). Along with Lhe decrease in 1L the protein content of the cells also
decreased, suggesting possible mhibition of ammo acid synthesis.

Inhihition of specific growth rate occurs al pH>7.0 and appears Lo be due in parl to elevation
of [HCOz ] above some crlical level

1 atm pCOe stimulated germination of spores while 40% inhibition ol germunation was
abserved at 4 atm. Tolal mhibition appeared to cccur at ar below 55 atm{pH 6 7). The initial
stimulalory effect of 1 aun pCO: was higher at pH, 5.2, suggesting involvement ol molecular
COplaq) 1n some critical process,

Stimulation as [or & sporogenes ' however, inhibition 18 less marled in Lhis specics with
only 825 inhibition of germination at 10 atm.

4 atm pCO: cansed total death wilhin 24h

A decease in L and final cell vield ai pCO>>0 05 aun was observed m aquecus culture. The
growth inhibition was accompanied by a deceased glycalyuc flux and lowered lactate/pyruvate
ratio. In contrast to hamud cultwe, monolayer cultire were unaffected at 0.1% atm  this sug-
gests that HCO; was the predomnant inhihitory species

Yeast-lilke morphological developmenl oceurs al pCO2 > 0.3 atim w normal [ilamentous cells.
One strain showed total growth intubition at 1 atm {other strains are less sensitive} displayed
a relief of COz— mediated intubition when certamn small pepudes were added ro the growih
medium. This effect is highly specific and cannol be reproduced hv aming acids, vitamins,
[atty acids or sterols.

Sporulation of vegetative cells is inhibited at pCs values from 0.05 to 0.2 atm. Growth is
not generally inhibited in this range.

pC02>0.05 atm inhibits growth.

[HCOs 1»omM(pH 7 to 8) reduces U The effect may be exerted at the membrane.
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Table 2. (continued)

Species

Description of inhibition effect

Pseudomonas
Ffluorescens

Pseudorrionas

Jragi

Saccharormyees sp.

In asparlate-yeast extract broth(21°C) growth was inhibited at>0.1 atm while al 0.3 atm
growth was reduced to 15~30% of the maximum rate.

Growth rate was inhibited 20, 35, 45, 60 and 70% al pCQs values of 0,08, 0.3, 05, (.64 and
0.86 atm, respectively. Total growth intubition cccurs al ~2 atm The optimum pCOs for
growth appears to be close to zerc aim,

Maximum growth rate attainable is proportional ta the inverse of pCQs: Excess pCly 1s
inhibitory both for growth rate and yicld ol cells At 30 atm, deleterious effects on cell viability
are observed.

At 25T and pH 4.5, pCO:>0.5 atm begin to reduce expanenlial growth rale with complete
inhibition at 27 atm (024 ethanol, 5% glucose). The inhilation appears 1o be exponeniial wilh
increasing pressure. The effecis on growth are not due lo pressure per se since no ellects
on cell division are found at 2.7 atm nitrogen pressure, Metabolism {Le. glycalytic production
of CO2) does not appears to be affected at pCO: below 12 to 13 atm. CO: inhibition had
no effect on DNA-replication with COz lrealed cells containing nearly twice as much DNA
per cell. Dry weight per cell also increased for the COs treated cells, midicaung that division
and nol growth was the inhihited process, i.e. inhibition of cell division occurs after Lhe DINA
replication event and results in uncoupling of DNA replicalion growth, This mhibition of
growth is aggravated by the presence of clhanol, high concentrabion of ghicose wath ethanol

This photosynthetic algal species has its highest specific growth rate at 005 atm pCOsu.

(.05 atm pCQa prevents [mutig but dose not inhibit mycelial growth. The effect appears
ta be due to the inhibition of an enzymalic step in the synthesis of cell wall R—glucan, resulting
in decreased levels of this glucan. This appears to cause an altered struclure rendering it

pCOe values of 001 ta 0.02 atm enhance growlh but inhibil sclerotium Formation. 0.1 to 012
atim pCOe completely inhibits growth. Similar patterns ol growth mmhibition are observed

50% inhihition of growth rale only occurs at 86 alm pCOy, there 18 no effect an B helow

The optimum for growth is 0,003 to 0.02 pCO: HCOs and not CO; (ag) appears to be the

Saccharomyces
cereviside
being especially synergistic.
Scenedesriis
obliguuis inhibition cccurs above 0.07 atm.
Schizaphviium
come
resistant to degradation.
Sclerotium
rolfsit
if the enzyme succinate dehydrogenase is inhibited
Streptococcus
Ceremoris 4.8 atm while total growth inhibition cccurs at 11 atm.
Streptococcus
Sanguis species implicated in thig stimulation.

Data from Jones and Greenfield(13)
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Table 3. Anaercbic growth rates of different bacteria in high(1002) and low(5%) carbon dioxide

Maxamum specific growlh rate(h ™)

2% inhibition

Microorgarism

5% CO»/35% Nz 100% CO2 by high COs
Aeromonas hyvdrophiliz 0.34 0.15 53
Bacillus cereus 0.24 0o8 67
Brocollrx thermosphacta 008 006 25
Citrobacter freundii 043 028 35
Clastridiurm sporogenes 0.20 0,12 40
Escherichia coli £.40 027 33
Lactobacillus viwridescens 0.13 0.12 3
Staphylococels aireus 013 0.11 12
Streptococous faecalis 041 0.28 25
Yersinia enierocolitica 0.27 0.20 26
Yersinia frederiksenii 025 0.12 52

Data from Molin{1®
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Table 4 Effecl of carbon dioxide on microbial and cellular melabolic processes

Species

Description of effect

Aspergillus sp.

Bacillus cereus

Baciflus subtills

Brevibacterium
lact gfermentum

Erythrocyies
{red bleod cells)

Escherichia colt

Penicillium
chrysogenum

Saccharomyeces sp.

Spermatozoa

Streptomycees sp.

Thiobacillus
ferrooxidans

Itacomic acid production is a function of pCOs. Specific production rate=1+ 340 % pCO(g/a.
day}, and specific growth rate=2.8-123* pCOug/z. day)
Production of c-amylase is reduced at pCO2>0.1 atm.

Riboxin production 18 best at 0.008 atm pCO: while inosme production is inhibiled above Q03
alm with hall-maximum vield at 0.15 aim.

Both glucose uptake and glutamine formation arc reduced above £ 01 alm pCOy At 0.2 alm,
reduction in yield of ghilamine is only 10%, indicating relalive insensitivily 1o elevated pCOs.

Glucese uptake rate is not alfecled below 005 alm pC0O; However, as pC0; decreases laclate
production inereases, iLe. increased pCOs may be stimulating ihe carboxylation of pyruvate
to malate or phosphenol pyruvate to oxaloacetate, HCOs™ has been implicated as the major
effectar

Hemoval of metabolically produced COs increases the formate dehydrogenase activity by 602,
1 atm pCOs tatally mhubits formate dehydrogenase(EC 12.1.2) hul has ne effecl on hydrogen
dehydrogenase(BEC 1,12.1.2). 0.00 atm pCO: gives 50% inhibition of protein synthesis while
1 atm pCQC: iotally inhibits prolein synthesis.

At Os saturation, inhibition of carbohydrale metabohsm occurs above 004 atm pCO: and
penucillin production 15 markedly reduced above 0.08 atm pCO-

Al pCO:>10 atm, the formation of glycerol and higher alecohols decreased while the formation
of aldehydes and aleohols increased The reported ncrease in ethanol production rate by
removal of metabolically produced CO; appears io be due to sbmulaled growth rather than
to a reduction in inhibition of glycolytic flux

1 atm pCOz gave 60~702%% inhibition of anaerobic glycolysis and COslaq) was implicated as
the effeclor, Aercbic glycolysis had its optimum rate at 0.004 to 0.03 atm pCOxpH 7.0) with
the intubitory effect of elevated CO. being especially directed against laclate production and
endogenous COz production.

In the production of the antibiotics tetracychne and oleandomyein bolh the yield of antibiotic
and the respiratory rate was decreased by 40~50% at 0 15~0.20 atm pC0~ However, further
increases 1 pCQO:z did not appear lo aggravale the inhihilion.

Optimum oxidation of(ferrous) iron occurs al 0.07 aim pCCsa.

Data from Jones and Greenfield(13)
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