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[BUILDING BLOCKS]

The first entities on earth
capable of reproducing and
evolving probably carried
their genetic information in
some molecule similar to RNA,
a close relative of DNA. Both
DNA and RNA are chains of
units called nucleotides (high-
lighted, left), so a major ques-
tion is how nucleotides first
arose from simpler chemicals.
The three components of a
nucleotide—a nucleobase, a
phosphate and a sugar—can
each form spontaneously, but
they do not readily join to-
gether in the right way (cen-
ter). Recent experiments,
however, have shown that at
least two types of RNA nucle-
otides, those containing the
nucleobases called Cand U,
could arise through a different
route (far right). (In modern

organisms, RNA nucleobases

come in the four types Sibur:

A, C, G and U, the letters of phtg)sphahe
the genetic alphabet.) backbone

./ DOUBLE-STRANDED RNA

A
W c )‘

. ot P
- ) o A
&
e cleobase:

Complementary
nucleobase pairs

FAILED NUCLEOTIDES

Chemists have long been unable to find a

route by which nucleobases, phosphate and
ribose (the sugar component of RNA) would
naturally combine to generate quantities of

RNA nucleotides.

Chemicals present before first living cells

AMERICAN

ORIGINS OF
LIFE@
ECSTHE UNIVERSE

COMPUTING!
-THE MIND

A NEW ROUTE

In the presence of phosphate, the raw materlals

for nucleobases and ribose first form 2-amino-
oxazole, amolecule that contalns part of a sugar
and part of a C or U nucleobase. Further reac-

tions yleld a full ribose-base block and thena
full nudeotide. The reactlons also produce

“wrong” combinations of the original mole-

cules, but after exposure to ultraviolet rays, only
the “right” verslons—the nucleotides—survive.

Chemicals present before first living cells

| |

| Sugar Nucleobase |

v «

Phosphate

»

Oxygen
¥ Carbon
* Nitrogen
* Phosphorus

s

o

1
12

o » Arabino-
", oxazoline

\ Phosphate

RNA NUCLEOTIDE

Phosphate
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Capsule
Cell wall
Plasma membrane

Cytoplasm
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Lupus erythematosus

Hypophosphatemic rickets, autosomal dominant
Coaqulation factor VIl (von Willebrand factor)
Tumor necrosis factor receptor superfamily
Periodic fever, familial

Keutel syndrome

Periodic fever, familial (Hibemian fever)
Episodic ataxia/myokymia syndrome
Pseudohypoaldosteronism, type |

Hemolytic anemia

Diabetes-associated peptide (amylin)

Lactate dehydrogenase-B deficiency
Colorectal cancer

Fibrosis of extraocular muscles, autosomal dominant
Adrenoleukodystrophy

Palmoplantar keratoderma, Bothnia type
Melanoma

Rickets, vitamin D-resistant

Anti-Mullerian hormone receptor, type Ii
Persistent Mullerian duct syndrome, type Il
Activating transcription factor 1

Soft tissue clear cell sarcoma

Myopathy, congenital

Meesmann comeal dystrophy

Epidermolysis bullosa simplex

Cataract, polymorphic and lamellar

Sarcoma amplified sequence

Enuresis, nocturnal
Achondrogenesis-hypochondrogenesis, type |1
Osteoarthrosis, precocious

Wagner syndrome, type Il

SMED, Strudwick type

Scapuloperoneal syndrome

Sanfilippo syndrome, type D

Lipoma

Salivary adenoma

Uterine leiomyoma

Myopia, high grade, autosomal dominant
Darier disease

Spinocerebellar ataxia

Mevalonicaciduria

Hyperimmuneglobulinemia D and periodic fever
Spinal muscular atrophy

Phenylketonuria

Ulnar-mammary syndrome

Diabetes mellitus

Maturity-Onset Diabetes of the Young

Oral cancer

132 million base pairs

Dentatorubro-pallidoluysian atrophy
Emphysema

Alzheimer disease, susceptibility to
Inflammatory bowel disease

Leukemia, acute lymphoblastic

Hypertension, essential, susceptibility to
Leukemia factor, myeloid

Spastic paraplegia, autosomal dominant

Taste receptors

Glycogen storage disease, type 0

Hypertension with brachydactyly

Alzheimer disease, familial
Retinoblastoma-binding protein

Ichthyosis bullosa of Siemens

Telangiectasia, hereditary hemorrhagic
Leukemia: myeloid, lymphoid, or mixed-lineage
Allgrove syndrome

Diabetes insipidus, nephrogenic, dominant and recessive
Human papillomavirus type 18 integration site
Epidermolytic hyperkeratosis

Keratoderma, palmoplantar, nonepidermolytic
Cyclic ichthyosis with epidermolytic hyperkeratosis
White sponge nevus

Pachyonychia congenita

Fundus albipunctatus

Glioma

Myxoid liposarcoma

Stickler syndrome, type |

SED congenita

Kniest dysplasia

Glycogen storage disease

Rickets, pseudovitamin D deficiency

Interferon, immune, deficiency

Cornea plana congenita, recessive

Growth retardation with deafness and mental retardation
Spinal muscular atrophy, congenital nonprogressive
Cardiomyopathy, hypertrophic

Brachydactyly, type C

Noonan syndrome

Cardiofaciocutaneous syndrome

Tyrosinemia, type |1l

Lymphoma, B-cell non-Hodgkin, high-grade
Holt-Oram syndrome

Alcohol intolerance, acute

Tumor rejection antigen

Human immunodeficiency virus-1 expression
Amyloidosis, renal
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Hypophosphatemic rickets, autosomal dominant
Coagulation factor VIl (von Willebrand factor)
Tumor necrosis factor receptor superfamily
Periodic fever, familial

Keutel syndrome

Periodic fever, familial (Hibernian fever)
Episodic ataxia/myokymia syndrome
Pseudohypoaldosteronism, type |
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Figure 4. Mutualistic networks are nested: species interacting with the specialists form awell-
defined subsets of the species that generalists interact with. This results in a cohesive network
(generalist plants and animals interact among themselves) with asymmetric specialization
(specialists interact with the most generalist species). Rows represent plants, columns repre-
sent animals, and a blue square indicates that the plant in the row and the animal in the
column interact. This matrix representation is equivalent to a network representation.
Community is the same as that depicted in Figure 2.
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Hypothesis:
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of balance collapse,

leading to the local
loss of all species; the
ecosystems we see
today are those which
have maintained
stability.
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CLIMATE CHANGE: %

A CONTROLLED EXPERIMENT
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CO,: GREATER GROWTH FOR SOME

Issue: Sclentists estimate that the oceans and terrestral ecosystems
503k up at least half of the CO; released by burning fosstl fusls. Plants
do It by using the gas to prodce camohyarates during photosynthests.
But will that conversion continue at higher CO; concentrations? And will
more CO; alter the sugars, carbohydratas and protective compounds In
plants, In turn helping or hindering Insects and pathogens?

Experiment: The Free-Alr C0z Endchment (FACE) experiment has been
running at 0ak Aidge National Labaratory for more than 10 years, undsr
Richard Norby. It consists of four study areas Anged by vent pipes
suspended from towers (photograph and Mustration). The pipes release
C0; suh that the trees al receive a selected amount. Simiar FACE
experiments operate at aimost 35 other natural and managed ecosys-
tems worldwide, ranging from cne-meter-diameter plots In bogs,
23-meter plots on croplands and 30-meter plots on forest plantations.

flesuits: The data confirm that higher CO; levels stimulate photosyn-
thesks, which incorporates more carbon Into plant tissues. This net
primary production (NPP) & also sustained over mutiple growing
seasons. NPP In forest experiments In Wisconsin, North Carciin, Ten-
nessee and Maly has Increased 23 percent annualy when CO; Is rased
from the amblent kevel of 388 parts per millon (pprm) to S50 ppm—a

FREE-AIR CO; ENRICHMENT EXPERIMENT

cmw: hght
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level that could arise within 100 years If nations do nothing to axb
emissions. Recent modeling results suggest that plants will respond
positively to elevated CO; levels, Aithough gains may be tempered
where 50l contalns Insufficlent nutrients sudh as nitrogen.

Increasad NPP has been consistent acrass the FACE plots worldwide.
But NPP indicates only the amount of carbon 3332d 1o a plant, Itdoes
not reflect the kong-term fate of that carbon In the North Carclina
lobkoly pine forest, the additional carbon was stored peimarly In stems
and branches, where it might persist for decades. In Tennessee's sweet:
qum forest, howsver, the carbon appeared mostly In new, small roots.
Such roots are advantageous, of course, butiive for only a few weeks to
& year; much of the carbon retums to the atmosphere a5 mirobes
decompase the ots. Sdentists are trying © understand what drves
carbon to one destination of another; we wil l:am more as trees are

harvested and solls are excavated In the coming months at varkus sites.

FACE experiments have already pald off, James Randerson of the
University of Calfornia, Irvine, and scientists at Cak Ride, the Natioral
Ceﬂtﬂfﬂ’mcﬂlheﬂ( ResearchIn Boukder, Colo., and other Instits-
tons have used the data to evaluate and Imgeove the Communny
Climate System Model, which simulates the physkcal, chemical and
blokogical processes that drive the earts dimate system.
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‘Harnessing the
- energy
.produced over
100’s of millions

of years of
photosynthesis
in just a few
hundred years
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Jomesticatingiiature?

L

Fig. 2. Human domi-
nance or alteration of
several major compo-
nents of the Earth sys-
tem, expressed as (from
left to right) percentage
of the land surface trans-
formed (5); percentage
of the current atmo-

spheric CO, concentra- O and Water Plant Marine

tion that results from hu- transformation CO, use Nitrogen invasion Bird fisheries
man action (77); per- concentration fixation extinction

centage of accessible

surface fresh water used (20); percentage of terrestrial N fixation that is human-caused (28); percentage
of plant species in Canada that humanity has introduced from elsewhere (48); percentage of bird
species on Earth that have become extinct in the past two millennia, almost all of them as a conse-
quence of human activity (42); and percentage of major marine fisheries that are fully exploited,
overexploited, or depleted (74).
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s [herate at which humans have
1anged ecosystems is greater than any
rate previously recorded.

e Fcosystems ma§/ evolve via periodic
collapse: if this is the case, we will be
the casualty of our own lack ot
sustainability.
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Corn ethanol 4

Nearly all the ethanol

in the U.S. is brewed from
yellow feed corn. Proliferating
ethanol distilleries are already
competing for corn with meat
producers, driving up prices.
Most ethanol is sold as a
gasoline additive or, in the
Midwest, as E85 (85 percent
ethanol, 15 percent gasoline).

= U.S. PRODUCTION
4.86 billion gallons (2006}
U.S. PRODUCTION COST

3109 per gallon

= U.S. RETAIL PRICE (por gallon, July 2007)

Gasoline

| $3.71

To get energy equivalent
of a gallon of gasoline

= ENERGY BALANCE

Fossil-fuel energy used
to make the fuel (input)
compared with the energy
in the fuel (output)

/

| 13

\
\
N

e

INPUT QUTPUT

= GREENHOUSE GAS EMISSIONS (production and use)

/

\

Ethanol (E85)

[ S 11 E NS
[ s3.03] [s2.62 |

Corn ethanol

)

/

Gasoline Corn ethanol

[ 204] [162

Ibs/gallon

22% less

SOURACES: U.S, DEPARTMENT OF ENERGY; U.S, ENVIRONMENTAL

PROTECTION AGENCY; RENEWABLE FUELS ASSOCIATION,

ENERGY FUTURE COALITION; WORLDWATCH INSTITUTE

Cane ethanol

Brazil rivals the U.S. in
ethanol production because
sugarcane yields 600 to 800
gallons an acre, twice as
much as corn. The stalk is

20 percent sugar—fermented
to make the alcohol—and the
waste cane can be burned to
power the distillery, lowering
fossil-fuel use.

= BRAZIL PRODUCTION
3.96 billion gallons (2005)
BRAZIL PRODUCTION COST

3087 per gallon

= BRAZIL RETAIL PRICE (per gallion, June 2007)
Gasoline (25% ethanol) Ethanol

[s292 |

To get energy equivalent
of a gallon of gasoline

= ENERGY BALANCE
Fossil-fuel energy used =5

to make the fuel (input) 7%

compared with the energy /’/

in the fuel (output) /" Sugarcane

ethanol

INPUT QUTPUT

= GREENHOUSE GAS EMISSIONS (production and use)
Gasoline Sugarcane ethanol

| 20.4] 9
56% less

SOUKCES: US DOE; US. EPA: WORLOWATCH INSTITUTE: IOWA STATE UNIVERSITY

Ibs/gallon

Biodiesel

Chemically altering plant GERMANY
oils to make biodiesel takes '
less energy than distilling

corn into ethanal; the fuel’s

main drawbacks are low

vield and high cost. Ger-

many is the world’s leading

producer, relying on canola

oil; U.S. biodiesel comes

from soybeans (right).

= PRODUCTION IN GERMANY (from canala)

0.5 billion gallons (2005)

= GERMANY RETAIL PRICE (per gallon, June 2007)

Diesel Biodiesel

= | —

| $6.73 |

To get energy equivalent
of a gallon of diesel

= ENERGY BALANCE

Fossil-fuel energy used

to make the fuel (input)
compared with the energy
in the fuel (output)

¥ o ~
- ~

/ Biodiesel "\\

2.5

e

INFUT QUTPUT

= GREENHOUSE GAS EMISSIONS (production and use)

Diesel Biodiesel
b

[ 23.4] (7.6

68% less

Ibs/gallon

SDURCES: U.S. DOE: U.S. EPA; WORLDWATCH INSTITUTE
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Cellulosic ethanol

Perennial prairie grasses like switchgrass (left),

grown on land unfit for other crops, could
replace up to 13 percent of the world’s il con-
sumption—if an efficient way to turn cellulosic
plant matter into ethanol can be developed.

U.S. PRODUCTION
Still in development;
no current production

SOURCES OF CELLULOSIC ETHANOL

* Agricultural residues (leftover material
from crops, such as the stalks, leaves, and
husks of corn plants)

« Forestry wastes like wood chips and
sawdust from lumber mills, tree bark

* Municipal solid waste (household garbage
and paper products)

* Paper pulp

» Fast-growing prairie grasses, such as
switchgrass, which require less
energy (tractors, fertilizers, etc.)
and can grow on marginal land

ENERGY BALANCE

Fossil-fuel energy used /
to make the fuel (input) / Cellulosic ethanol
compared with the energy / Petween 2 and 36,
in the fuel (output) / depending on
production method

/
/
/

\ ~ ~
INPUT \ OUTPUT
\
\
\
\
\
N\

» GREENHOUSE GAS EMISSIONS (production and usa)
Gasoline Cellulosic ethanol

l 704] [ 1.9 B
91% less

SOURCES: U.S. DOE; U.S. EPA; WORLDWATCH INSTITUTE

Ibs/gallon

i~




QUantity mattersm

FIGURE ES-1 Life Cycle Global Warming Pollution Relative to Gasoline
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Corn ethanol,
low
-53%
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NOTE: These values do not
include all potential sources of
global warming pollution,
particularly the effect of direct or
indirect land use changes. Actual
global warming emissions may
be higher than these estimates.

SOURCES: Gasoline estimate is
from Wang (20086). Liquid coal
estimate is from Williams
(2005). Gasoline from tar sands
estimate is from Moorhouse
(20086). High corn ethanol
estimate is based on ethanol
used in California but produced
in a Midwest coal-fired dry mill
(Unnasch et al. 2007). Current
industry average for corn ethanol
is from Farrell et al. (2006a).
Low corn ethanol estimate is
based on ethanol produced in a
biomass-fired wet mill (Turner et
al. 2007). Cellulosic ethanol esti-
mate is based on switchgrass
(Farrell et al. 2006a).
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functionsawe lack sufficient knowledge to make
decisions based on reliable predictions.
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e Humans have come to dominate current

~ ecosystems by breaking the fundamental rules
that govern ecologica'_[’systems.
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¢ l m&h"isjm VN abc JTINOW ecosystems
I0n,swe lack sufficient knéwledge to make
decisions based on reliable predictions.

-

o Humans have com‘e to dominate current
- ecosystems by breaking the fundamental rules

that govern ecologi—ca'__lmsystems.

e As we strive for sustainability, we need to
] F o
carefully consider the balance between
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RNAImage rom° hﬂ%pm\nklmela org/WIKIpediay,con mons/4/4a/Pre-
MRNA=1ysv.png .png
RNAformationtimage from: Ricardo, Alonso and Jack®W.
LifelontEarth: Scientific American 301(3):54-61.
Modellbacteria'cell image fro& ttp://upload.wikimedia.org/wikipedia/commons/
thumby/5/5a/Average_prokaryo f_éelI-_en.svg/SOOpx-Average_prokaryote_cell—
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Dee sea vent iImage from: http://upload.wikimedia.org/wikipedia/commons/6/6f/
Blacksmoker_in_Atlantic_Ocean.jpg, Sea vent video from: http://
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5. Deep sea tube worms image from: http://upload.wikimedia.org/wikipedia/
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