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1  Introduction
Biodiesel fuel（BDF）is a major renewable energy source 

and alternative to petroleum diesel. Its production is based 
on an ester exchange reaction between triacylglycerol and 
methanol under alkaline conditions, resulting in the forma-
tion of a crude glycerol waste（raw glycerol）containing 
methanol and alkali catalysts. Due to the considerable in-
crease in BDF production worldwide over the last few 
years, surplus raw glycerol derived from BDF production 
has become an alternative feedstock for the production of 
chemicals and fuels1）. The quality of raw glycerol is rather 
low; large quantities of methanol, water, and alkali catalysts 
are present in the raw glycerol solution, and expensive re-
fining processes to obtain the required quality of glycerol 
are necessary. Thus, most raw glycerol is wasted or used 
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for thermal recovery rather than used as a feedstock for 
chemical production2）. As a result, technical developments 
for the use of raw glycerol as a feedstock for the produc-
tion of value-added chemicals without refining are desired. 
Accordingly, attention should be paid to methanol, which is 
a major ingredient of raw glycerol.

Glyceric acid（GA）is a glycerol derivative found in some 
plants3, 4） with a variety of reported biological activities5－7）. 
We previously developed an oxidative method by fermenta-
tion for producing GA from glycerol using acetic acid bac-
teria8, 9）, and we demonstrated the application of GA for 
developing value-added chemicals such as surfactants10）, 
bioplastics11）, and biologically active compounds12）. By opti-
mizing our fermentation conditions and strains, the GA 
productivity reached 136 g/L after 6 days of fed-batch fer-
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mentation using Gluconobacter frateurii NBRC103465. In 
another report, we investigated the feasibility of using raw 
glycerol derived from the BDF and oleochemical industries 
in GA production by Gluconobacter sp. NBRC325913）. Un-
fortunately, this strain produced little GA from raw glycerol 
containing methanol. We concluded that methanol was the 
major reason for the decrease in GA production from raw 
glycerol. Thus, investigating the correlations between 
methanol and GA production in acetic acid bacteria is of 
great importance. However, no studies have examined of 
the effects of methanol on GA productivity and bacterial 
growth at the molecular level. Such research may lead to 
the development of a technique for high-yield production 
of GA in the presence of methanol.

In this study, to investigate the intracellular changes 
induced by the presence of methanol during GA produc-
tion from glycerol, a transcriptome analysis of G. frateurii 
NBRC103465, the best GA producer, in fed-batch fermen-
tation were conducted based on draft genome sequence in-
formation for this strain. Our results revealed the upregula-
tion of a newly identified class III alcohol dehydrogenase 
homolog gene（adhCGf）encoding a nicotinamide adenine 
dinucleotide（NAD）- and glutathione-dependent formalde-
hyde dehydrogenase（GD-FALDH）in G. frateurii by meth-
anol. This is the first report on the identification and func-
tional analysis of an adhC homolog from acetic acid 
bacteria, and a plausible mechanism for methanol dissimi-
lation in G. frateurii, including the involvement of this 
gene, is discussed.

2  Experimental
2.1  Bacterial strains and culture conditions

Gluconobacter frateurii NBRC103465 was used for 
transcriptome analysis and enzymatic activity assay. Esch-
erichia coli JM109 and DH5α were used for genetic ma-
nipulations and as recombinant gene expression hosts, re-
spectively.

Seed cultures of G. frateurii were prepared at 30℃ and 
200 rpm in 5 mL of glucose medium composed of 5 g/L 
glucose, 5 g/L yeast extract, 5 g/L polypepton, and 1 g/L 
MgSO4・7H2O. A 1.5-mL portion of the seed culture was in-
oculated into 300-mL Erlenmeyer flasks containing 30 mL 
of glycerol medium composed of 170 g/L glycerol, 10 g/L 
polypepton, 1 g/L yeast extract, 1 g/L MgSO4・7H2O, 0.9 g/L 
KH2PO4, and 0.1 g/L K2HPO4, and the culture was shaken at 
30℃ and 200 rpm. The E. coli strains were cultivated at 
30℃ or 37℃ and 150 rpm in LB medium composed of 10 g/L 
tryptone, 5 g/L yeast extract, and 10 g/L NaCl. When 
needed, 20 mg/L tetracycline was added to the medium for 
the recombinant E. coli strains.

Jar fermentation was conducted using G. frateurii in a 
5-L jar fermenter containing 2.5 L of glycerol medium, as 

reported previously12）. Briefly, 90 mL of a G. frateurii seed 
culture in glucose medium was inoculated into 2.5 L of 
glycerol medium, and cultivation was done at 30℃, 500 
rpm, and 0.5 vvm. During cultivation, the pH of the culture 
broth was maintained at 6 using a synthetic alkaline solu-
tion prepared according to the raw glycerol composition 
derived from BDF production（glycerol, 66 wt％; methanol, 
30 wt％; NaOH, 1 M）13）.

2.2  Microarray analysis
In order to investigate changes of gene expression pro-

files induced by the presence of methanol during the culti-
vation, DNA microarray analysis was performed. Total RNA 
was prepared from the cells cultured for 12 or 24 h in a 5-L 
jar-fermenter under the condition as described in the 
former section. In this cultivation, methanol was added to 
the culture broth along with the synthetic alkaline solution. 
As a control, the culture fed with a methanol-free version 
of the synthetic solution（glycerol, 66 wt％; NaOH, 1M）was 
performed in parallel. Cells taken from the jar culture were 
treated with RNAprotect Bacteria Reagent（Qiagen, Hilden, 
Germany）.

To design microarray probes, the draft genomic se-
quence of G. frateurii NBRC103465 was first analyzed
（Genaris, Inc., Yokohama, Japan; the method and genomic 
data from the sequence analysis are to be reported in a 
more specialized journal）. The DNA microarray was then 
prepared on 12×135 K slides（Roche Diagnostics K. K., 
Tokyo, Japan）. A set of five probes corresponding to each 
ORF was designed in one area comprising 135 K probes. 
RNA extraction, cDNA preparation, Cy3 labeling, hybrid-
ization, and quantification of the scanned slide images were 
performed by Hokkaido System Science Ltd.（Sapporo, 
Japan）. Genes showing a fold change of ＞1.5 or ＜0.67 
were identified as upregulated or downregulated, respec-
tively. The presented values for each gene were based on 
six independent experiments.

2.3  Analysis of the culture broth
The glycerol, GA, dihydroxyacetone（DHA）, and metha-

nol concentrations in the culture broth were determined 
using high-performance liquid chromatography, as de-
scribed previously12）. Briefly, samples were prepared at the 
appropriate dilution from culture broth by centrifugation 
and membrane filtration（0.45 μm）. A 20-μL portion of the 
sample was applied to a SUGAR SC1011 column（Showa 
Denko, Tokyo, Japan）maintained at 80℃ with double-dis-
tilled water as the mobile phase at 1 mL/min for glycerol 
and DHA analysis, and to a SUGAR SH1011 column（Showa 
Denko）maintained at 60℃ with 5 mM H2SO4 as the mobile 
phase at 1 mL/min for GA and methanol analysis. The ef-
fluents were monitored with a refractive index detector.

Bacterial growth was evaluated by optical density mea-
surements at 600 nm using a V-530 UV/VIS spectrophotom-
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eter（Jasco Corp., Tokyo, Japan）.

2.4  Gene cloning and heterologous expression of adhCGf

An adhC homolog was amplified by polymerase chain 
reaction（PCR）using genomic DNA from G. frateurii 
NBRC103465 as template. The primers used to amplify the 
coding sequences were as follows: forward direction, 
5́-GTTTTTTTGGGCTAGCAGGAGGAATTCAAAATGAAAT-
CACGTGCTGCTG-3́, and reverse direction, 5́-CGACTC-
TAGAGGATCCTCAGTGGAAGTGGATAACCGA-3́. The un-
derlined sequences indicate the EcoRI site in the N-
terminal primer and BamHI site in the C-terminal primer. 
Using the same restriction sites, the amplified DNA frag-
ments were cloned into pBBad22T14） linearized by EcoRI, 
yielding the expression plasmid pBADHC. The cloned DNA 
sequence was confirmed to be identical to that of the 
genomic DNA.

An amino acid sequence alignment between the deduced 
sequence of adhCGf and other class III alcohol dehydroge-
nases was performed on the DDBJ server with the ClustalW 
algorithm（ver. 2.1）.

Recombinant E. coli DH5α harboring pBADHC or 
pBBad22T（negative control）was cultivated at 30℃ for 20 
h. LB medium plus 0.1 wt％ l-arabinose was used to induce 
the expression of adhC under PBad promoter regulation. 
After cultivation, cells collected by centrifugation were 
suspended in chilled 0.1 M sodium-phosphate buffer（pH 
8.0）, followed by sonication to prepare a crude lysate. The 
lysate was centrifuged, and the supernatant was used for 
enzyme assays and determination of the protein concentra-
tion.

2.5  Enzyme assays
The protein concentration in each cell lysate supernatant 

was determined by the Bradford method using bovine 
serum albumin as the standard. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis（SDS-PAGE）was per-
formed using 12.5％ gels for separation; the protein bands 
were visualized by staining with Coomassie brilliant blue.

GD-FALDH activity was measured at 25℃ using a spec-
trophotometer（model 1700; Shimadzu, Otsu, Japan）to 
follow the absorbance changes in the reaction mixture at 
340 nm due to NADH formation, as reported previously15）. 
One unit of activity was defined as the amount of protein 
resulting in the formation of 1 μmol of NADH in 1 min. 
NADH formation was estimated based on a molar absorp-
tion efficiency of 6220 M－1 cm－1.

2.6  Sequence accession number
The sequence data for adhCGf and other genes found in 

the transcriptome analysis have been deposited in the 
DDBJ database. The accession codes are shown in Table 2.

3  Results and discussion
3.1    Transcriptome analysis of G. frateurii cultivated by 

fed-batch fermentation with methanol supplementa-
tion

Our previous report revealed that the presence of meth-
anol in raw glycerol used for GA fermentation by Glucono-
bacter sp. NBRC3259 decreased GA production13）. To un-
derstand the changes in gene expression involved in the 
decrease in GA production caused by methanol, a compara-
tive transcriptome analysis of G. frateurii during GA pro-
duction from glycerol with or without methanol supple-
mentation was performed. Fed-batch fermentation in a 5-L 
jar fermenter was conducted using a synthetic solution 
containing 66％ glycerol and 30％ methanol in 1 M NaOH 
as a feeding solution, which was modeled after raw glycer-
ol13）. Culture broth was taken from the jar after 12 or 24 h 
of cultivation for product analysis and total RNA prepara-
tion. As a control, the same fermentation process using a 
methanol-free version of the feeding solution（66％ glycerol 
in 1 M NaOH）was performed. As shown in Table 1, the cell 
growth profiles were almost the same regardless of the 
presence of methanol between the 12- and 24-h cultures. 
In contrast, the concentrations of GA and DHA, a by-prod-
uct of GA fermentation, in the cultures began to change 
between 12 and 24 h of cultivation. The methanol concen-
trations accumulated in the culture broth after 12 and 24 h 
were 2.9 and 12.4 g/L, respectively. We roughly estimated 
the amount of methanol fed to the culture broth based on 
the consumption of the synthetic alkaline solution during 
the cultivation: 5.4 and 15.0 g/L of methanol for 12 and 24 
h, respectively. During the culture period from 12 to 24 h, 
most of the supplemented methanol（9.6 g/L）still remained 
in the culture broth（9.5 g/L）, although the strain grew well 
at this period as judged by OD600 values（Table 1）. This 
suggests a poor ability of G. frateurii to assimilate metha-
nol. A little difference between the amounts of methanol 
supplemented to and residual in the culture broth（2.5 and 
2.6 g/L for 12 and 24 h, respectively）may also arise from 
evaporation of methanol from the culture broth.

cDNAs were prepared from the extracted RNA harvested 
from cells cultured for 12 or 24 h, and transcriptome analy-
ses were performed using DNA microarrays. Table 2 sum-
marizes the upregulated genes（i.e., those showing a fold 
change of ＞1.5）in G. frateurii cells cultured for 12 h with 
methanol supplementation. Several genes related to amino 
acid metabolism（gloA, metE, and lysA）, inorganic ion 
transport and metabolism（cirA and fepC）, coenzyme me-
tabolism（cobN）, and energy metabolism（adhC）, were up-
regulated. In cells cultured for 24 h, over 140 genes were 
upregulated including ribosomal proteins and chaperones, 
probably as a stress response to the presence of methanol 
in the culture broth（data not shown）. In contrast, no sig-
nificantly downregulated genes（i.e., showing a fold change 
of ＜0.67）were found in cells cultured for 12 or 24 h. 
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Moreover, no genes related to GA or DHA production were 
found. This suggests that methanol altered the product se-
lectivity without significantly influencing the expression of 
genes encoding membrane-bound alcohol dehydrogenase 
and membrane-bound glycerol dehydrogenase, which are 
related to GA or DHA production, in G. frateurii.

An adhC homolog encoding a putative class III alcohol 
dehydrogenase was upregulated in cells cultured for 12 h
（1.99 fold; Table 2）. Because this gene product may be in-
volved in methanol dissimilation by oxidizing formalde-
hyde, we searched for changes in the expression levels of a 
series of genes involved in methanol dissimilation; however, 
no candidate genes other than the adhC homolog were 
identified.

3.2  Functional analysis of adhCGf

Transcriptome analysis revealed the upregulation of 
adhCGf, which encodes a putative class III alcohol dehydro-
genase capable of formaldehyde oxidation in the presence 
of NAD and glutathione. In the enzymatic reaction shown 
in Fig. 1, formaldehyde reacts with glutathione spontane-
ously to form S-hydroxymethylglutathione. Next, class III 
alcohol dehydrogenase catalyzes oxidation of the primary 
hydroxy group, resulting in the formation of S-formylgluta-
thione. This class of enzyme has been well characterized in 
humans16）, rats17）, yeasts18）, and bacteria such as E. coli15） 
and is known to be involved in formaldehyde dissimilation. 
However, no homologous enzymes from acetic acid bacteria 
have been characterized. To investigate the function of 

Table 1　�Cell growth and fermentation products in culture broth of G. frateurii fermentation on 17 wt% glycerol for 
DNA microarray analysisa.

Cultivation time (h) OD600 Glycerol (g/L) Glyceric acid (g/L) Dihydroxyacetone (g/L) Methanol (g/L)
With methanol supplementation

 0 0.17±0.04 164±23 NDb ND ND
12 2.15±0.44 183±13  2.3±0.3  7.7±0.6  2.9±0.4
24 5.66±0.44 168±13  4.5±0.3 27.9±1.9 12.4±2.5

Without methanol supplementation
 0 0.15±0.03 167±27 ND ND －c

12 2.21±0.20 187±15  3.2±0.4  8.0±0.9 －
24 5.45±0.31 215±14 18.5±1.6 18.5±1.5 －

a   Cells were cultivated in a 5L-jar fermenter containing 2.5 L of glycerol medium. Data were averages and standard deviations from 
six independent experiments. bND, not deteted. c-, not tested.

Table 2　�Upregulated genes showing fold change of > 1.5 in G. frateurii NBRC103465 cells after 12 h cultivation 
with methanol supplementation.

Accession code Gene Gene products Fold changes
AB778925 gloA Putative glyoxalase 2.65±0.91
AB778926 Hypotecila protein GOX2205 2.47±0.83 
AB778927 Predicted metal-binding protein 2.43±0.84 
AB778928 metE 5-Methyltetrahydropteroyltriglutamate－homocysteine S-methyltransferase 2.39±0.93 
AB778929 Putative GTPase (G3E family) 2.31±0.76 
AB778930 gloA Putative glyoxalase 2.26±0.78 
AB778931 cirA Outer membrane receptor proteins, mostly Fe transport 1.99±0.60 
AB735534 adhC Zn-dependent alcohol dehydrogenase, class III 1.99±0.50 
AB778932 Hypothetical protein 1.88±0.58 
AB778933 gloA Putative glyoxalase 1.87±0.66 
AB778934 gloB Zn-dependent hydrolase, including glyoxylases 1.82±0.64 
AB778935 lysA Ornithine decarboxylase 1.66±0.70 
AB778936 fepC ABC-type cobalamin/Fe3+-siderophores transport systems, ATPase components 1.62±0.63 
AB778937 Hypothetical protein 1.57±0.35
AB778938 cobN Cobalamin biosynthesis protein CobN and related Mg-chelatases 1.54±0.38
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adhCGf, a sequence alignment was performed with Clust-
alW using the deduced amino acid sequence of adhCGf and 
that of known class III alcohol dehydrogenases from E. 
coli, Saccharomyces cerevisiae, rats, and humans. As 
shown in Fig. 2, the ligands to the catalytic Zn at Cys-40, 
His-62, and Cys-169, and to the non-catalytic Zn at Cys-92, 
-95, -98, and -10619） in ADHCGf are strictly conserved in all 
class III alcohol dehydrogenases. The residues for substrate 
contact points at Asp-51, Tyr-88, and Arg-11019, 20） in 
ADHCGf are also conserved. These results suggest that the 
translated product of adhC in G. frateurii is an enzyme 
capable of catalyzing formaldehyde dehydrogenation in the 
presence of NAD and glutathione. Note that residue 111 in 
ADHCGf（Glu）is less conserved, except in E. coli FrmA, al-
though this position was also considered to be important 
for constructing the substrate-binding pocket in class III 
alcohol dehydrogenases19）. At this position, human ADH3 
and rat ADH5 contain valine, S. cerevisiae SFA1 and rice 
FDH1 contain alanine19）, and Arabidopsis thaliana FDH1 
contains serine19）, suggesting variation in the amino acid at 
this position in class III alcohol dehydrogenases.

  Next, cloned adhCGf was expressed heterologously in 
recombinant E. coli cells, and the supernatant after cen-
trifugation of a crude lysate prepared by sonication was 
subjected to enzyme assays. As shown in Fig. 3A, SDS-
PAGE of the soluble fraction of cells harboring adhCGf 
showed a 39-kDa band not present in cells harboring the 
control vector. The molecular mass calculated from the 
deduced amino acid sequence of adhCGf was 39.1 kDa, in-
dicating successful expression of adhCGf in E. coli. In addi-
tion, the GD-FALDH activity of the soluble fraction from 
cells harboring adhCGf showed tenfold higher GD-FALDH 
activity than control cells（Fig. 3B）. This result indicates 
that the cloned adhCGf gene encodes a class III alcohol de-
hydrogenase that functions in formaldehyde oxidation in a 
NAD- and glutathione-dependent manner.

Class III alcohol dehydrogenase from E. coli and some 
methylotrophic yeasts was previously reported to show 
higher Km values toward the substrate S-hydroxymethyl-
glutathione compared to that from the non-methylotrophic 
yeast S. cerevisiae and mammalian cells for adaptation to 

Fig. 1　�Dehydrogenation of formaldehyde catalyzed by class III alcohol dehydrogenase in the presence of glutathione 
and NAD.

Fig. 2　�Amino acid sequence alignment of the deduced 
amino acid sequence of adhCGf (Gf-ADHC) and 
class III alcohol dehydrogenases from E. coli 
(Ec-FrmA), S. cerevisiae (Sc-SFA1), rats (Rat-
ADH5), and humans (Human-ADH3). The Gen-
Bank accession numbers are P25437 for E. coli, 
P32771 for S. cerevisiae, P12711 for rats, and 
M30471 for humans. Critical amino acids that 
are part of the substrate or coenzyme binding 
domain19) are shown in bold. Conserved amino 
acid residues across the sequences are indicated 
by *.
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the higher formaldehyde concentrations present in their 
habitats18）. Considering the high sequence identity（86％）
between ADHCGf and E. coli FrmA, ADHCGf might show 
low affinity toward S-hydroxymethylglutathione and G. 
frateurii could be comparable in terms of its tolerance to 
formaldehyde with E. coli.

3.3    Involvement of adhCGf in G. frateurii methanol dis-
similation

We then evaluated GD-FALDH activity in the soluble 
fraction of G. frateurii grown in 170 g/L glycerol with 
methanol. The soluble fraction of cells grown for 24 h with 
1 vol％ methanol showed fivefold higher GD-FALDH activi-
ty than cells grown with 0 or 0.5 vol％ methanol（Fig. 4）, 
although protein bands corresponding to ADHCGf were not 
identified by SDS-PAGE in soluble fractions from G. fra-
teurii cells grown with 1 vol％ methanol. This indicates 
that 1 vol％ methanol induced GD-FALDH activity in G. 
frateurii cells and that this enzyme is involved in the dis-
similation of methanol-derived formaldehyde. A previous 
study reported that GD-FALDH activity in non-methylotro-
phic E. coli was induced by exogenous formaldehyde but 
not methanol21）. Therefore, formaldehyde formation may 
be necessary to induce GD-FALDH activity in G. frateurii. 
Considering the weak activity of membrane-bound alcohol 
dehydrogenase from Gluconobacter oxydans toward 
methanol22）, other enzymes homologous to intracellular 

alcohol dehydrogenase and catalase, some of which were 
found in the draft genome sequence（data not shown）, 
might also contribute to formaldehyde formation. Our tran-
scriptome analysis, however, indicated that their expres-
sion levels in G. frateurii cells grown in the presence of 
methanol did not change significantly. Note that GD-
FALDH was reported to be involved in DHA dissimilation in 
S. cerevisiae23）. Considering that no significant differences 
in DHA concentration were observed between our 12-h 
cultures by jar fermentation regardless of methanol supple-
mentation（Table 1）, the expression of adhC in G. frateur-
ii would be induced not by DHA, but methanol-derived 
formaldehyde, and could contribute to DHA production in 
methanol-supplemented culture.

Because GD-FALDH activity was observed in G. frateur-
ii cells grown in glycerol with methanol（Fig. 4）, S-formyl-
glutathione, the product of the reaction catalyzed by 
GD-FALDH（Fig. 1）, may be an intermediate of methanol 
dissimilation in G. frateurii. In this plausible metabolic 
pathway, intracellular formaldehyde, which is converted 
from methanol by intracellular alcohol dehydrogenase or 
catalase, is spontaneously trapped by glutathione to form 
S-hydroxymethylglutathione. This compound undergoes 
dehydrogenation by GD-FALDH to form S-formylglutathi-
one, which is then hydrolyzed to formic acid and glutathi-
one by S-formylglutathione hydrolase or formate dehydro-
genase, the latter of which was present in the draft genome 
sequence as a homologous gene. Although formate dehy-
drogenase is known to catalyze the formation of carbon 
dioxide from formate, some formate dehydrogenases from 
methanol-utilizing yeasts exhibit a preference toward the 
hydrolysis of S-formylglutathione24）. Formic acid is further 
converted to carbon dioxide or methylation reactants, in-
cluding 10-formyltetrahydrofolate, which acts as a formyl 
donor in nucleic acid and protein biosynthesis. Expression 
of the genes encoding these enzymes, other than GD-

Fig. 3　�Heterologous expression of adhCGf in recombi-
nant E. coli DH5α cells. (A) SDS-PAGE analy-
sis of the soluble fraction of recombinant E. coli 
cells harboring pBBad22T (lane 1) or pBADHC 
(lane 2). M, molecular mass marker. (B) NAD- 
and glutathione-dependent formaldehyde de-
hydrogenase activity in the soluble fraction of 
the recombinant cells. The data shown are the 
averages and standard deviations from three in-
dependent experiments.

Fig. 4　�NAD- and glutathione-dependent formaldehyde 
dehydrogenase activity in G. frateurii cells cul-
tured in glycerol with or without methanol. The 
data shown are the averages and standard devia-
tions from three independent experiments.
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FALDH, was not altered significantly in the presence of 
methanol. Therefore, engineering of this plausible pathway 
for methanol dissimilation by disruption or recombination 
of adhC and other candidate genes will enable G. frateurii 
to produce GA efficiently in the presence of methanol. 
Further investigation on the genomic sequence of G. fra-
teurii, which is currently underway, will also be necessary 
to study how methanol dissimilation by G. frateurii can be 
enhanced to increase GA production from raw glycerol.

4  Conclusions
Our comparative transcriptome analysis revealed the up-

regulated expression of an adhC homolog in G. frateurii 
cells exposed to methanol during GA fermentation. SDS-
PAGE and enzymatic activity assays of the soluble fraction 
from recombinant E. coli harboring adhCGf revealed that 
adhCGf encodes a GD-FALDH. In addition, GD-FALDH ac-
tivity was confirmed in G. frateurii cells grown in the 
presence of methanol. No significant changes in the ex-
pression levels of genes related to GA and DHA production 
were detected. Since adhCGf promoted the dissimilation of 
formaldehyde derived from methanol in G. frateurii, en-
hanced adhC function in recombinant G. frateurii and 
other acetic acid bacteria may enable the use of impure 
raw glycerol for the production of glycerol-derived chemi-
cals, including GA.
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