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There is growing interest in groundwater resources to overcome the loss of surface water resources
due to climate change. An understanding of the microbial community of aquifers is essential for mon-
itoring and evaluating groundwater contamination, as well as groundwater management. Most micro-
organisms that inhabit aquifer ecosystems are attached to sediment particles rather than planktonic,
as is the case in groundwater. Since sampling aquifer sediment is not easy, groundwater, which con-
tains planktonic microorganisms, is generally sampled in microbial community research. Although
many studies have investigated microbial communities in contaminated aquifers, there are only a few
reports of microbial communities in uncontaminated or pristine aquifers, resulting in limited in-
formation on aquifer microbial diversity. Such information is needed for groundwater quality im-
provement. This paper describes the ecology and community structure of groundwater bacteria in un-
contaminated aquifers. The diversity and structures of microbial communities in these aquifers were
affected by the concentration or distribution of substrates (e.g., minerals, organic matter, etc), in addi-
tion to groundwater characteristics and human activities. Most of the microbial communities in these
uncontaminated aquifers were dominated by Proteobacteria. Studies of microbial communities in un-
contaminated aquifers are important to better understand the biogeochemical processes associated
with groundwater quality improvement. In addition, information on the microbial communities of
aquifers can be used as a basis to monitor changes in community structure due to contamination.
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zone) 24 EFYAE Atolo] FA4H T £ F71= A £ o] &dt ARFE T TN FYdH £ ¥
HAA ATh(Fig. 1). ¥rd ol A st ofef o E3}tf (saturated A7 A% T sl MAHE FFsto] Agatr] AF =
zone) Wl 352 22 23150l et o =& Astset AHolth, Y57 ot 79 Wt R 4T HAF A4 9t

6”4'[63] g% AfH U4 % (unconfined aquifer)Z} EH—’F%% At el AU LHEERE BT
73t o) 45 (confined aquifer)&. 2 FHHTH AFH ¢S d 7 JoER £4 B3 ZHAA O frEstth FUE =
& SRR BR S %( E, ¢4 )0l EAstH, A%t A EAste 9= AAE FE O3 EF = 9%
a ol oo edE Fol 7hesttt whdel o thS AAAZ = of Foln. tE AFHY 7edA s E
< Aot E?r-*r% ] EAstER T Ao %ol 7hFol Z oo o AN T9 AHE e B A
2 g8 o] B[55]. T oo Eusr) ARgon, Syt Bol E1

97 o} ti4% HAE TP BY A7 Ba
45 oIZaH Jle

Feuetol A Fa o] 879 11%E AAst= Ask(H Xol+e F2 2¥=
=& 241%, RS 126%) He B ofUS AE LT, F At QL W 7|l A HiHoE AYHEE
HETE TofshA ZEH I AT4M]. Astre LH4E 7 Aol Hle) T QEE AESHA Aelsty] ofHo At
Aol & AFol Hg) do] HlaA kAol u gk sA| T ool BHd Aee oln] o AT EHl'i—-Er Azt
g3 e dHW ARFEHYG Eefl AR 3 Eo] oz A At LdAS] AtAQTE A WE F9
AAE #ert o3t TAE 29T + Ao BotA, FrFd o224 AsrE A
ATFY 71 b FA49S AAH L= g3l A & A Lg=dol g A4 2o i #ejrt asi
o FARTE 20 FET W € e Yo T At LEE(ell, d, B )2 T A 38 (biogeo-
of A% FAd Gr7|Eog B o] e HFE LES chemical)¥F§-o o3} Astroll A sE7F FokAV|E .
gAY 3£ F#A49E G5 5 91, dt g3y d 3 A, Y, FA, A T3 22 AT &F oA
AR A 3 HFHoRE ojfd ¢ St AT SH=o] Astr2 FUH A dFE v,
< &l A, FEra g, T =4 2 AT A4, Astre] F8 QHEL T, 191‘7]€, a8 v =/
=2 AAAA, SHEHL AA 59 FEMN £} At AE 7Y LHEE 78T 5 dh(Table 1). #71&& F2
SHdY Fids gAY FgYstel LGAT ERE VAT a4, A0 9 o A da ol HEAd fUES
% 9ltH2, 13, 36, 47]. A 7] 4 (natural organic matter, NOM)o|th. &H 1| A
ol Z=s AAsta, A9 2 A s8s 283 E L9 EZ AT UL (coliform bacteria)®] T 3E 4 o]t}
o A" &9 F4& Mste A8A 7lEo] UM = AR Aoe ot AAFS 29038 oI5 AA] 9
Agoz pd %O] (R A AstA A 7le A d g ed v e Axete] AN A, o
TY, TENFF EHATAY; 2013-2018'F)[48]. 5% Fad @7 2444 245 Ugdth
sk Qe X]QQ] FARA AErE el AR AdAAE S 34 NOME A &8k Aletol Sle AddA EE B
wate,
Soil X5
particle S Stream
air L 2 ===
nsatrsied one Unconfined aquifer —_* X

(air & water in pores

Confined aquifer

Impermeable layer (bedrock)

Saturated zone
(water in pores)

Fig. 1. Confined and unconfined aquifers (modified from diagram of Hillewaert [31]). ¥, groundwater table. Arrows indicate direc-
tions of groundwater flow.
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Table 1. Major groundwater contaminants and their sources

Other bacteria

Virus

and other warm-blooded animals. Used as an indicator for the presence of pathogenic
bacteria, viruses, and parasites from domestic sewage, animal waste, or plant or soil
material.

Salmonella spp., Legionella spp., Streptococcus spp., Vibrio cholerae, Escherichia coli,

Staphylococcus spp., Bacillus spp., Clostridia spp.

Hepatitis A, E (HAV, HEV), Norovirus

Contaminants Sources to groundwater Ref.
Inorganic
NOs-N Occurs naturally in mineral deposits, soils, seawater, freshwater systems, the atmosphere, 17, 60
and biota. More stable form of combined nitrogen in oxygenated water. Found in
the highest levels in groundwater under extensively developed areas. Enters the
environment from fertilizer, feedlots, and sewage.
NO,-N Enters environment from fertilizer, sewage, and human or farm-animal waste.
Aluminum Occurs naturally in some rocks and drainage from mines.
Arsenic Enters environment from natural processes, industrial activities, pesticides, and industrial
waste, smelting of copper, lead, and zinc ore.
Chloride May be associated with the presence of sodium in drinking water when present in high
concentrations. Often from saltwater intrusion, mineral dissolution, industrial and
domestic waste.
Copper Enters environment from metal plating, industrial and domestic waste, mining, and
mineral leaching.
Cyanide Often used in electroplating, steel processing, plastics, synthetic fabrics, and fertilizer
production; also from improper waste disposal.
Iron Occurs naturally as a mineral from sediment and rocks or from mining, industrial waste,
and corroding metal.
Lead Enters environment from industry, mining, plumbing, gasoline, coal, and as a water
additive.
Manganese Occurs naturally as a mineral from sediment and rocks or from mining and industrial
waste.
Zinc Found naturally in water, most frequently in areas where it is mined. Enters environment
from industrial waste, metal plating, and plumbing, and is a major component of sludge.
Sulfate Elevated concentrations may result from saltwater intrusion, mineral dissolution, and
domestic or industrial waste.
Organic
NOM Complex organic matters detected in natural groundwater and surface water. They were 12, 14, 33,
mainly originated from the remains of organisms and their waste products. NOM 34, 40, 41
includes both humic and non-humic fractions.
Volatile organic Enter environment when used to make plastics, dyes, rubbers, polishes, solvents, crude
compounds oil, insecticides, inks, varnishes, paints, disinfectants, gasoline products,
pharmaceuticals, preservatives, spot removers, paint removers, degreasers, etc.
Chlorinated organic Tetrachloroethylene (PCE), trichloroethylene (TCE), trichloroethane (TCA)
solvent
Pesticides Enter environment as herbicides, insecticides, fungicides, rodenticides, and algicides.
Phenol Widely used as explosives, fertilizers, paints, paint removers, rubber, asbestos products,
wood preservatives, textiles, medicines, perfume, plastic product production, etc.
Xenobiotic substances Nanomaterials, pharmaceuticals, personal care products, caffeine, nicotine, etc.
Microbiological
Coliform bacteria Occur naturally in the environment from soils and plants and in the intestines of humans 24, 46, 50
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Fig. 2. Culture-independent molecular techniques used to analyze microbial communities in environmental samples.
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71N 4E #4 A 225 (Next Generation Sequencing, NGS)&
g EZ nAEY 233 7154 goste A7 H20
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Kol O|ME 2EEY

Askg A i Bl FUtE ddf Aty L= £
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Fig. 3. Modified standard penetration test (SPT) employed to
sample aquifer sediment in the Nakdong River Delta.
The method is basically the same as conventional SPT
except modified split barrel sampler.

Aste W Ad T3S FHOE Jlesdt

3 Astre] MAE THEA S A Bdd 2AE
SHa) W S o] A8 H A tH(Table 2). LA &
T HAE 2L REY s 2HFHE FEE Aol E
YERS o thekd ol WA YERRTHIL. A2 Sirisena &
4] FANE A=A HFHF Ao At 7 T2E
T-RFLP ¥H o2 B4&dnt & vt dA9 Ast¢ A
T3 TRE AAHCE FAT JxY dFAon, A
Z& At g5ty 54, 53] Ag S A9, Q9] EEl
% FFIH A Aol vt Hustgth FH Gregory
[24]2 99 2 5]7‘] % EH‘F of MAE v+ ATE

ANA AF7AA Bag o] std i 87
Proteobacteria &°l 3| @3t Pl EC] $AG ASE YR
tH(Table 2). L FAME B8} y-Proteobacteria 7} (class)o] $-Al
stoh B EATH20, 29, 53]. SHAT o ® Aol e o, F
Proteobacteria, 12| 2L Actinobacteria?} 5 LA $A5t= A
0% RuHTI] e s Y 72 s o
g HAE 7|do] d F Sle FEFH 2L FUEoIY U=
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Table 2. Microbial communities in groundwater of pristine aquifers

Location Aquifer (IEE]IO)Z}) Bacteria (dominant taxa) Method Reference
Proteobacteria, Acidobacteria, Planctomycetes,
Nitrospirae, some divergent lineages and the
Dofiana 15 candidate divisions SPAM, OP3, OP11,
National Park, Coas.tal/ ‘Endomicrobia’ or Termite Group 1 and a novel  Clone library 43
Spain confined division-level group including denitrifying
bacteria
80 Proteobacteria, Firmicutes
Attached and suspended microbes from the
same well share, on average, only one third
Mahomet Confined/ of their microbial community. Geobacter and
aquifer, IL, ) Not described , v T-RFLP 19
glacial Geothrix represent more than 20% of the total
USA . N
attached community, but no more than 1% of
the suspended community.
Egie:land' Pristine Not described  Actinobacteria Pyrosequencing 59
Finniss River Unconfined 13-19 szodosplrzllales, Rhodocyclales, Chlorobia,
Catchment, Circovirus Pyrosequencing 55
South Australia  Confined 79-84 &-Proteobacteria, Clostridiales
Fort McCoy, Military .
WL USA installation 11 B, y-Proteobacteria FISH 53
Mall . . . . .
. arorca . Carbonate 51, 64, 71, 77 Proteobacteria, Actinobacteria, Bacteroidetes Pyrosequencing 30
island, Spain
Proteobacteria was the most abundant. It was
followed by Bacteroidetes mainly, including the
classes Sphingobacteria (7.6%) and Flavobacteria
Shallow 0.01-0.02 §2.5 A),' Aczdobact.er.za, Actinobacteria, Firmicutes,
including Clostridia (1.6%), Planctomycetes,
] . Chloroflexi, and Cyanobacteria.
MAR‘fﬂe’d site B-Proteobacteria, y-Proteobacteria are positively .
in Taif river, correlated with DOC concentration. Pyrosequencing 42
Saudi Arabia -
Proteobacteria was most abundant group. The
other dominant phyla included Bacteroidetes,
Intermediate- mainly consisting of Sphingobacteria (7.2%),
0.1-0.5 ) ) ) Lo,
saturated Acidobacteria, Actinobacteria, Firmicutes
consisting of Bacilli (3.0%) and Clostridia (1.4%),
Planctomycetes, and Nitrospira.
&-Proteobacteria (Desulfobacteraceae,
Do) yinaly s e i
aquifer, IL, Not described  41-117 . . Clone library 20
USA attached bacterial community. -, &, and

¥-Proteobacteria were more predominant in the
suspended bacterial community.

* bgl, below ground level.
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