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Virus and host co-evolutionary process toward biodiversity

Jean Paul GONZALEZ

Research Center for emerging Viral Diseases,
Center for Vaccine Development Institute of Science and Technology for Development,
Mahidol University, Salaya, Nakhon Prathom 73170

“... something that existed before cellular life,
assembling subunits but having no membrane;
What else would you call it other than a virus? ”
Henry Krish

Viruses are strictly dependent of their hosts and cannot survive for a long period of
time in the environment. To be able to replicate and spread into the biosphere viruses need to
use host cellular enzymatic system, host physiology and behavior. Consequently an intimate
relationship of parasitism is established between host and virus which needs to be sustained
toward successive host generations including cycle of reproduction, natural selection and
evolution. Viruses also are changing and rapidly producing new generations in the same
host. Also, from host to host, viral populations are selected trough the mechanism of
quasispecies giving the way of new virus genotype of viral sub-population with a specific
dominant genotype having highest fitness for a new host. Selecting quasispecie appears
today as one of the main mechanism of viral evolution trough genetic drift speciation and a
source of biodiversity. '

Such short theoretical presentation of virus evolution can be mostly illustrated by
viruses having RiboNucleic Acid (RNA) a genome also named Ribovirus. Such virus group
is known to have a rapid genomic evolution mainly due to the absence of proof reading
during the phase of RNA replication. Moreover, one can consider RNA as the simplest
genetic material that cell and virus can use to produce faithful copies of them self. Recently
synthetic RNA has been obtained under prebiotic condition mimicking similar environment,
which preceded earliest life form on Earth.' Altogether these observations are converging to
indicate that ancestral RNA virus preceded all other life form on Earth including
monocellular and pluricellular forms. Consequently one proposed that RNA viruses have
became strict parasites of early protozoaires following major environmental changes hostile
to virus survivance.

In order to illustrate such theory, we identified several examples in various viral
families within the RNA viruses, which we think, represent models of a long term of
co-evolution and also co-speciation: Arenavirus and Murids; Hantavirus and Rodents;
Flavivirus and arthopods; Alphavirus and mosquitoes; Paramyxovirus and mammals;
Retrovirus and Primates.

Hantavirus and Arenavirus appear to be associated and restricted to specimens of
the Muridae rodent family. In general each virus is associated with a single primary rodent
species which can be chronically infected. The superimposability of the rodent and virus
phylogenetical trees can be taken as an evidence of co-evolution and also, in some instances,
co-speciation. For the first time host ancient history was used to trace and understand virus
history. Because viruses do not leave fossiles, the only way to trace their history after death

! K.V. Shéning et al., 2000, Science, 290:1347-50
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is to identify indirect markers of host infection or obligatory parasitism as diseases,
outbreaks, obligate hosts or vectors.

The Arenavirus are specifically infecting Murinae et Sigmodontinae sub
families. It has been found that Arenavirus from the Old World (OWA) are restricted to
murid species, while Arenavirus from the New World (NWA) are restricted to the American
sigmodontine. The split between the two host sub family, as determined phylogenetically,
occurred 30 000 000 years before the present (30 Mybp). From the phylogeny one can
postulate that OWA and NWA have a common ancestor which de facto existed before host
split 30 Mybp. Due to Arenavirus host restriction and their present phylogeny, OWA reached
by that time North America then went from North to South America about 6 Mybp. Before
rodents spread from their cradle of origin in Asia and to Africa went then south to Austral
Africa between 35 and 15 Mybp.

Hantavirus (HTV) are associated with Murinae, Arvicolinae and Sigmodontinae
sub families and present another example of diffuse co-evolution. Murinae appears ancestral
to the two other clades while the American Sigmodontine are clearly separated into the two
monophylogenetic groups from South and North America.

In the New World Hantavirus appears restricted to Sigmodontinae (a Subfamily of
Muridae only present in the Americas). While ancestors of modern murids arrived in the
New World over the Bering land bridge 30 Mybp with an initial North American rodent
diversification (neotomine and peromycine; 18 genera, 124 specie) during the late Miocene-
early Pliocene, it was only 4 to 7 Mybp later that the Panamannian land bridge allowed
rodent migration to the south where Sigmodontine successful disappeared and in created a
variety of species (61 genera; 299 species) and then probably back-migrated to the North.

Murinae-HTV association appears more specific from the Old World Hantavirus and
spread from Asia (Seoul HTV and Rattus sp.) to central and western peninsula of Europe
(Apodemus sp. and Dobrava virus). While the Arvicolinae-associated HTV appear to be
ancestral among them, and the lemmings (Lemmus sibiricus and Topografov virus from
Russia) appear ancestral to the bank voles (Clethrionomys glareolus) and . >

A fine analysis comparing respective phylogenic show at several time and place host
switches underling more complex the actual distribution of HTV.

In conclusion it as been a long-term slow co-evolution process between virus and
rodent hosts which led to a stable geographical distribution of different viruses. Along with
such phenomenon it has also generated through co-speciation a high genetic diversity among

~ viruses.’

Flavivirus present also an amazing model of co-evolution involving more than 60
antigenically distinct virus species specifically associated with one or two genus of
mosquitoes (>60 species) or ticks (>30 species). Today following the progress of molecular
genetics one can clearly distinguish groups of Flavivirus restricted to Culex sp., Aedes sp.
and ticks.* A clear relationship exists between primary vectors (genus level) and the
phylogenetic group (sero complex) to which the Flavivirus are assigned. As for other vector
transmitted viruses spill-over, vector switch can also be observed (i.e. Yellow fever virus
generally transmitted by Aedes aegypti and few times isolated from ticks; West Nile virus

2 S.T. Nicholl Factors in the Emergence of Arbovirus Diseases, Elsevier, Paris; 99-109
3 C.Smalljohn & B.Hjelle 1997 Emerg.Inf.Diseases 3: 95-104
4 F.Billoir et al. 2000, J. Gene. Viro. 81: 781-90
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isolated from Culex sp. but also from Aedes sp. and ticks). By contrast with the virus and
rodent association, Flavivirus have a broad range of invertebrate vectors and hosts which
may reflect a progressive adaptation and/or a large potential for adaptation. Altogether
Flavivirus appears in a process of a constant evolution with recent, radiation at the global
level and continuous speciation.

From the phylogenetic analysis Asian Tick Borne Encephalitis viruses are ancestors
of the European. Tick borne Flavivirus group which appear as a relatively recent group rising
after the most recent glaciating 12 000 ybp, when flora and fauna moved northwards and tick
borne viruses from the warmer Asian forests northward and westward to Europe reaching
Europe trough the behring detroit about 6 000 ybp. It is only 300 ybp that European TBV
diversified in the western peninsula and islands of Europe. Beside them seabird associated
tick-borne Flavivirus form a monophyletic group from a single ancestor spread to North of
France, East cost of Russia and the South Pacific Ocean evolving separately in their own
niche and own vector.’

Dengue viruses and other Aedes sp. borne viruses diversified more than 3 000 ybp
ancontinually evolved during the past 2 000 years. For an example Dengue 4, then Dengue 2,
then Dengue 3 then 1 diverged 1,500 years ago and widely dispersed within the range of
Aedes aegypti. Between 100 to 1,500 ybp endemic/epidemic forms of Dengue emerged from
sylvatic cycles associating non-human primates and Aedes sp. from the forest. The
adaptation to new vectors (dedes aegypti and A. albopictus), new hosts (from humans),
primate to the wide dispersion of the strain due to a rapid increase of the human population,
the virus circulation in highly populated area and an intense circulation (transports) of a large
variety of strain are observed today regarding their geographical origin showing the
complexity of a recent dispersion of Dengue viruses around the World. Such immense
biodiversity offers the risk of the emergence of new highly pathogenic strains as it seems to
happen for the Dengue Haemorragic Fever associated strains.” A common ancestor to
Yellow Fever virus and Dengue viruses is suspected to have its origins in the Old World
together with dedes aegypti. Yellow Fever virus was supposed to be transported from Africa
to the Americas about 200 to 300 ybp.’

Japanese Encephalitis / West Nile sero-complex viruses appear to be associated fo
Culex sp. but present in a paradoxical geographical dispersion having most of the virus
species represented in Asia, one specie in Africa and a large group of Saint Louis
Encephalitis virus restricted to the New World.

Other Flavivirus known as No Known Vector, NKV, virus (bat associated) and Cell
Fusion Aedes (CFA) virus (infecting Aedes aegypti) appears genetically distant and close to
a common ancestor of all the genus which originated in the Old World.

Paramyxovirus presents a greater variety of hosts/vectors but also, some clades
show a strong association with a specific vertebrate. Three genus constitute the family: the
Respirovirus associated to humans, the Morbillivirus associated to a great variety of large
mammals (i.e.: humans, dogs, dolphins) and, the Rubulavirus associated to humans and
primates. Recently two new viruses, Hendra and Nipah viruses have been isolated from
severe infection and appears to be associated both to bats be representative to a new genus of

SE.A. Gould et al. 1997, in Factors in the Emergence of Arbovirus Diseases, Elsevier, Paris: 51-63; P.M.
Zanotto et al. 1996, PNAS Sci USA 93: 548-53

6 R.Rico-Hesse et al., 1997, Virology 230: 244-51

" DJ. Gubler, 1997, in Dengue and dengue hemorragic fever. CAB Int. Nyork, NY: 1-22
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the Paramyxoviridae family and, find in distant geographical origin respectively Australia
and Malaysia.® Such group is emerging in the science of evolution and much more data are
needed to obtain a whole picture of bats and virus history.

Retrovirus and primates: Lentivirus, primates and humans. As it is for rodent
borne viruses a close phylogenetic relationships can be eas1ly observed between SIV/HIV
lentiviruses and their highly specific primate and human hosts.” A broad correlation between
phylogenies suggests a particular long term association between host and virus. As
preliminary comparative analysis between SIV/HIV and primates phylogenetic trees, HIV1
(Human) appears to have a common ancestor with SIVCz (chimpanzee) and separated into
two taxa 5 Mybp. When non human primates diverged from humans. Also most of the SIV
appeared to have co-evolved and co-speciated with their host along the all process of
primates evolution suggesting a lentivirus ancestor common of both SIV/HIV among 10 to
15 Mybp. Such model will help to understand the spatial and temporal origins of the HIVs."

In conclusion RNA viruses present a variety of co-evolution process which can be
studied when phylogenetic information are sufficient for both host and virus as well as today
host-virus ecology and dispersion . While hosts are working toward speciation process, their
parasite must also be adapted to such changes and evolve, or alternatively jump to another
host when constraints are to strong and force the virus to adapt and evolve in another way.
Finally co-evolution appears as a constant mean of the host-virus relationship. It can be
extend to a very long period of time followed by speciation of the host (diffuse co-evolution
leading to co-speciation) or limited in the time to an host as an alternative co-evolution
process as it is observer when a virus jump from one host to another and cross the barrier
species. Altogether co-evolution and co-speciation lead to a variety of virus from a common
ancestor with an open field for virus biodiversity.
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# Chua KB, 2000 Science 288; 1432-35

? Miiller-Trutwin MC, 2000,J Med. Primatol. 29: 166-172
' JP Hugot and Mmuller, pers.comm
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A B
BRT’s Research Projects on Plankton & Algae BRT’s Research Projects on Lichen & Fungus
Number of Reports 49 wlBRT Number of Reports 25
Aspect Aspect
Taxonomy 46 Taxonomy 25
New record 9 Ecology 1
Population 6 Morphology 2
Water quality 6 Dried herbs 1
Soil quality 1 Toxin 1
Method Method
Survey 46 Survey 25
Monitoring 3 Monitoring
. Ecosystem [ " ate of study andror Ecosystem
::,',.::.‘;"‘,:'.:.:.‘" Fresh water 38 sample colection Forest 13
Mangrove canel 2 Fresh water 2
Sea water 3 Mangrove 2
Hot spring 2 Soil 3
Plant host 6
c D

BRT’s Research Projects on Plant BRT’s Research Projects on Invertebrate

Number of Reports 28 Number of Reports 31
Aspect Aspect
Taxonomy 28 Taxonomy 25
New record 1 New record 3
Population 7 Water quality 3
Morphology 10 Ecology 3
Anatomy [3 Parasite 1
Ecology 1 Peari formation 1
Pollen 2 Method
Survey 25
Method o
Survey 27 Observaton "
* site of study andior Monitoring 4
sample collection =
Ecosystem Fresh'wa(er 14
Forest 25 Forest 9
Fresh water 2 Field 3
Mangrove 2 Sea water 1
Herbarium 4 Cave 1

awit 1. dwoulasins ua~é’num~umm‘sﬁnm'mumnquawi"mm"w y n'la"s‘um‘sauuawmunmwmnfﬂsom‘s
BRT Tusze: 5 Yk A ngpunasiRBuLAzE MY, B naulalAuuaza, C : nwiy, D : nquﬂmﬂuuns.nnﬁu
nds, € : ngudadiinazgndunds, £ : nqaiugenasd, 6 © nquitine, K nqufsRNLAzATURA, | naums'lz'{

UslomionAramannnanemstanm mmanuJu..n'mmﬁ‘lumsmLﬂua'lunﬁtls.,quﬂs.mﬂuaafmom‘s BRT A% 4
o Taousnaniung angu 9. fivaglan iufl 0-12 ganan nA.2543

UnN nn’mlsztjuwvmﬂls:mtlfnwms BRT A3971 4 53




]

AW 1. (B)

Aspect

Taxonomy 1
New record

Ecology

Evolution

Population
Morphology&Anatomy
Others

BRT's Research Projects on Vertebrate
R T Number of Reports 17 h RT

AN S22 N

Method

Survey
Comparative study
Effect obsarvation

ol
¥
1/ * sie of study andior

” L sample collection

-
B8 WN

* site of stucy andior
. sampie colection

Ecosystem
Forest

Fresh water
Mangrove caneis

SN

BRT’s Research Projects on Ecology -

Number of Reports 9
Aspect
Population change 3 Conservation 2
Population structure 2 Interspec. relationships 2
Ecosystem 3 Umbrella species 1
Biodiversity recovery 1
Method
Survey 2 Research plot 1 .
Observation 2 Dynamic study 1 s
Change study 1 Tree mapping&tagging 1 )

. Effect study 2 Morpho.& physio. char. 1 7 * sie of study andior
::,'..:L'::,TL;:‘" Behavioral study 1 "1 sample cokection

Ecosystem
Forest 4 Grassiand 2
Habitat remnant 2 Watershed 1

BRT's Research Projects on Sustainable
Uses of Biodiversity

Bioactive Natural Products

Bioactive compounds from bioresourse

- Bioactive extracts from plant cell cuture

{ eaf extracts-of Siam. weed on diamond back moth
Plant extracts with repellent activity on a dog tick
Toxicity of menthol, thymol and neem oil on a bee mite
« Anti-inflammatory compounds from natural extracts
Anti-malarials from naturai extracts

. ~ - Bioactive compounds from endophytic fungi VA K Bioresource Collection
cie of study andior + Chemiical itions of bioactive st from i “seolstdy andior ) P ofs | system for the
sampie cobeclon ol Ciotte samble coection BIOTEC culture collection
- Chemical composition and antimicrobial activity of + In vitro anlysis an insect fungus collection
essential oils fromThai B/lumea species « Systematic study of Family Euphorblaceae
« Rapid throughput screening for anti- inflammatory
compounds from Natural extracts
. N th
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BRT’s Research Projects on Genetics
Number of Reports 21

Aspect
Taxonomy 4
Evolution 3
Population genetics 14
Chromosome 4
Phylogenictic Rel. 2
Method Technique
Survey 6 PCR analysis 8
Collection 14  DNA fringer print 3
Cultivation 1 Isozyme pattem 3
Ecosystem gtyrt:gr:nenc studies g
Frash water 2
Forest 3
Field 4
Sea water 2
Soit 3
Fruit 1
H

BRT’s Research Projects on
Socio-Economics & Ethnobotany

+ Social sci and biodit y

« Building focal capacity in sustainable forest and
bioresource management

» Environmental risk of planned ecot

+ Women's roles and patterns of native plant management

« Economic valuation of forests in terms of nontimber
forest products

» Ethanobotany of communities

« Biodivessity conservation in the Thai highlands :
Human use of wild life

» Making spirit liquors for herbal medicines
+ Knowledge for sustainable harvesting of forest

BRT's Research Projects on Sustainable
Uses of Biodiversity {cont.)

Commercial Enzyme
of st

mzymﬁmnﬂmummhmdhﬁrm

Propagation
« In vitro conservation and propagation of
Dendrobium spp.

U

D RIS R e

R

—,

i

P

A

R

e sy

s

N S

e i A

vt

O

B p—



. o

il

e

[y & v d s o Quva v and 1 v aow w
nngaaqUne 8 Fafinanianit lWiduawladn sz 5 Undwan Anideeu
o J o e/ I °
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Distribution of Study Sites of
wwolBRT Biodiversity in Thailand from 1995-2000

* site of study andior
sample collection
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LUINI9NIS LgUszlagiiannswensdrnw’

3A.3udE Alanwisiga

MATIUNGTYIN ANNTIAIEAT JRIRINTANNIING16E
0. weyaln temyadi noinwy 10330

pnamarnnatendinmiulansesdefidin  densaunguacuAniIERugnIsad
Dussiusznaumiredesigalusuioszuuinelngiifeidinudazafinardey asduszneu
nmshedeslugminelngit ersusnaanifnananainnansls 3 seiu Ae Aamanmane
Tuseiuszuuing  (ecological diversity) AmaImanelussiudefidtn (organismal
diversity) UaZAHNAINNAIEIRISAURUGNIIN (genetic diversity) AIMamaINnanalwusias
seAuil ferusznavdassneg Fedauvauiug Tnefiniisdeseslssanns (populations)
afaniuluio 3 sty (it 1) é'm‘?uwuéﬁ?u unitofifudiunitozasananain
narenedinmlugmeiidudodi#ineianis  wiludndunitefueniaieseansinszuy
ué”:ﬁ'm'ﬁﬁ'ﬂngs:tﬁauﬂﬁﬁuﬁuﬁﬂﬂﬁﬁunnﬂﬁdﬂsjaﬂﬂaaﬁu’a 3 szhu  demaldifimdn
FuusIsnfinainnatszaonyud (cuttural diversity) Housiazngameneafinsnuslegiann
anamainnanameiinmlugnasiuiuAusafinsiintesayseni

The Composition and Levels of Biodiversity
Ecological Diversity Organismal Diversity
Kingdoms
biomes phyla
bioregions families
landscapes genera
ecosystems species
habitats Genetic Diversity subspecies
populations populations populations
individuals individuals
chromosomes
genes
nucleotides

Cultural Diversity : human interactions at all levels

o '3 o~ g a 4 . 5y
MWA 1. BIAUIENBULASISAUATIN Y 189ATNNAINNATEN TN HeflasdUsznaunes populations 1w
poAUsznauINlum 3 32U uaznyud TuReliBiaffujdaiusiunnszauifimduanamann
AN TMUETTHNWE

"lensUszneumsaiusenga “msldussleniainnineinsianm” i 11 gaten 2543
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VAEIwIK anasoAmAandiFinusazafinanlduslent wielaflasnsldiganame
InenmaasiluAnwAnaduinsifageduaduiudontasdeidiawweialussuuiing
wite (il 3) Dufinsudusiianadaiudoacdeidianmareluszuuinalaiends
TuszninoReduiy Aadudnd Redudegdunid niafaduunas dmudurdossiuiiess
WA §1SIARIINSEUURIOA (A191380 chemical ecology) inandianasdenasiefefidinafindn
Tudnumuzsasnisiogs fuld sudimiaarafeswinliaels Usingnisaindrilanadonany
inlnendainerlusnzrinnisdise damnlvdeyaduiniaduazinduasiugs flaneenily
gnsdnuidefianansadunuenin niaasessnmanannsoruRnAngrasnAswghals

mslgusslomisnAnunainuatenedinw
Tundmadiufannussenirefefidianinnu

ssuulivIAiIne
ANdudangan sUfaNAuGe19 9

(Complex Ecological Interactions)
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(Ecological Goods) \
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Tsnazidune ﬁmiﬂ%m%qﬁuw%é ganAneawnaziianldusslegilmdanndiadansae
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o L4 v UJ v =3 & a
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feufitinfiAsadadlifianasansalunsudassdmanslusnagedulasldinalulad
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(Biologlcal Processes)

dn miuﬁﬁ'luqmmwnsiu (Industrial production)
AMINIANNAZE1ARILIAABN (Environmental clean-up)
qnﬂ'mnsiuﬁmqumw (Health industry)

mMun 4. msldusslegiannnisAnwnswnszuannisianin

dm3uluudaunsuismw (Taxonomy) nsEneisemesuitazanansailuganadila
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nslduszleminnnisdnwaueunsuisiu

aynsHIcU

(Taxomomy)

- MlmuANNENRREAWI IRwINTg
(Evolutionary relationships)
- Aneamnslduslogincdeiidiafi duatdilndidneiu
(Potentially similar uses of related species)
- DBusoyalunsimuanagnsiiansinnissueying

(Conservation management strategies)
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Tomato

Corn \ Uy ;
M
Sorghum, U
wheat, coffee
Cotton 0
Banana,
Potato Peanut yam, coconut
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ATIAN 6. ULITUAN 1) 1%Iﬂﬂﬂtﬂ%tt'ﬂaﬂﬂ?'mﬂﬁ'lﬂﬂﬁ']EI'VI'NW%Qﬂﬁﬁﬂﬂﬂdﬁﬂﬂlﬁﬂﬂﬂﬁiuﬂﬂzﬁuﬂ

(il’mwffaﬁa Primack, R.B. 1993. Essentials of Conservation Biology. Sinauer Associates, Suderland, Mass).

ms’liﬂss’fauﬁmnnﬂuumnumm‘fwﬁ'uqnsw
AMHARINNAIYNVAIUNUGNTTN
(Genetic diversity)
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>~ a o d a a
AIIARLRBANIIWBNITINHNRRAR

(increase production of food crops)
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Wize93EUUTLIF (ecosystem functions) INFBATINAAINHATENIITININ

I I

[y o o 3 o 4 § -
MsAnwswWWONAR  (phytochemistry)  UazanSIASAINRONZIRERT INONIBIA
Uszneumatafiuasgmaniedanmwaasans

o

17 é ° y -r-7-3 U L4
msAnwwnAlwlaBEnw (biotechnology) WievhRedimalaszlen
HANsENUBIRANTSHEaNYE (human influences) NdlsBANAMAINMAIEN TN

mnusundAlnefifeyasnanediieafuitamariiuda swilmidladenainassny
WaNMANEN9EINTN (dynamic biodiversity) Tuszuuiiiameing ] sasusunaldddeaudauasie
arnadululafesussdnananainnarendananlaneludasguamisaseghe
(economic values of biodiversity) uazlwi3aauszAndamsaslszinalunisensnduaznsly
Usslemimnamannmanenedannednededuls e 2 wiitfianadidmgann wanduaia

weneamesdonnlan  Aazlildandedaaquiifisingmnisdnuidesuanamainnaneme
fhnmaeounaie

sk ok 3k 3k ok ok ok sk ok 3k s %k 3k ok 3k ok ok kK 3k K K ok K ok 3k %k ok K ok ok ok ok koK Kok Kok

u"uﬁnn151/7:;/N3ﬂ7n'lstlszé’ﬂfmami BRT A% 4 61




msiguselavidannineinsgdunid’

wA.ginw laagnea

MATY9atingr ANZINEIAIERT ANTINEIABNAAG
0. WILTINA 6 LBATIZNT NFUNKY 10400

QRunIddmanniudefidinmwainluszivfinosienalaidin unsiuiuaclu
anwiEnsasaulaealuinlinsufunum au1 uazAnNdABEmMINEINTYEUNSdle
pthafiugusssn  umnsnenIAninennstainndiudn dw Yl Rewssa uazdmisine
Fomwmluaansodudaiunsuuasndilafornadifuasnansenusneg  lannndn usllu
arnafinadols gaunddiunnmdAganndeiinmnssasdeiiindwunlaniluynaziudu
Duninenstinmiddwinuazauaiammaiisssnsaiantdusslontlususnag 1o
aneIWI%

=3 -3 . doia U l" (=3 J J d I W ) ar (-3 A *V P-!

qaummﬁuﬁeuﬂmnquusnmnmuuufafm Walanasninannwdnsaea ulan
'Y a v v o s s o ﬂ o o @ o Y au
s wioUszanm im3sesull nasnmsiuiazedandefiongiuiedagunlauszanminm
W ) i s lda ddo a a dac a & [ ' o a Y o
wnspeaul  duusfifeidingdausnilugdunidiintuuaclsuninszareludifonindann
WANEAUNILAN ﬁﬂﬁﬁ%i’mmmiuﬂnﬁmﬁgﬁm%éﬁﬁﬂsiw'] ANNNZAUNTITAN9E TR L waY

™ 8 o ar =1 - -3 3 = o 1
wedanuug wamsiigiunszvamnmedaiafizesgdunidnonareifiunumdAgsanis

d . a Yo a | a
wWaguuUaimessdilail (geochemical activity) saeialan NSTUMMITHIAALSIwAaNIBNNN
naENRwaIwt aunsensan ndswindanunlanimnnmanzanAan1sansIEingedendia

d = o &8 a J 1 o e v o J 5 =1 s '5 cda s J

iu  JuSufiRgfetuuazienfidadiiozn loenifzuasdainuiiTmuinisaunaiain

ussnyguiilugiunid nszuaunsneduniizasgiunidlefiunumeaiAglunis "nSen”
L a s 9 oo 3 J v a J L vda o ]

Toniil¥ Ar &7 wazdefi@ianomanelulanit 18iAngu wosdugl¥iiiaminssanaud

Jagtuuazsiaiiiasluluanran

a o T s cSda I d.dﬂu 1] d 3 Qs 1!
aunsdludiEinnguifiiiaminisraiosnnenawiuige nszanelvendeeglalu
dnwdawinaanfifinnamainnateuandiuvaniiga  srasarisediauaziaiyeglein

9 ¥ dl ] a o . ddo d L L} WV
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Tunziansrenfianudusegennnnin pH 12; udondanfilufl oxygen 1dw Twaznawsn
%W:'\, ‘luﬁ’llﬁ'ﬂax‘lﬁmiﬁ anaerobic fungi, anaerobic protozoa, anaerobic archaea El']ﬁ’ﬂagi;
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Group Number of Estimated Percent
Described Species Total Number Described

Microbial Groups

Bacteria 4,000 1,000,000 0.4 %
Fungi 72,000 1,500,000 4.8 %
Protozoa 40,000 200,000 20 %
Algae 40,000 400,000 10 %
Plants 270,000 320,000 84 %
Animals
Nematodes 25,000 400,000 6 %
Crustaceans 40,000 150,000 26 %
Insects 950,000 8,000,000 12 %
Vertebrates 45,000 50,000 90 %
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