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Figure 3.19 (a) The relative concentration of various minerals in whole plants of four species in the Brookhaven Forest, New York.
(b) The relative concentration of various minerals in different tissues of the white oak (Quercus alba) in the Brookhaven Forest. Note that
the differences between species are much less than between the parts of a single species. (After Woodwell et al., 1975).



Element

Structure/function

Nitrogen

Nucleic acids (RNA/DNA)
Amino acids (protein)

Phosphorus

ATP!

Nucleic acids (RNA/DNA)
Phospholipids (membranes)
Bones

Potassium

Osmotic balance
Basis of charge gradients (ATP production, action potentials in animals)
Activates enzymes

Calcium

Cell walls
Bones & exoskeletons
Signal transduction (within cells, between neurons)

Sulfur

Amino acids methionine & cysteine
Many enzymes, cofactors, and catalysts
Sulfur metabolism

Iron

Ion donor/acceptor (redox reactions, electron transport)
O2 transport
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Cortical cells Root hair

| Rhizobium bacteria

|__Root hairs release a substance
that attracts Rhizobium.

Infection
" thread

| Rhizobium proliferates and causes an
infection thread to form.

—Cortical cells begin to divide.

—Infection thread grows
into the cortex of the root.

| H [H1I]{} Root hair

| —Infection thread releases bacterial cells,
which become bacteroids (bacterial cell
membrane disappears) in the root cells.
Cytokinins from bacteria cause plant
cortical cells to divide.

L Root cap | Root nodule

'

&?‘iﬁ.w *E"gd a

FIGURE 6.26. Symbiosis of Rhizobium bacteria with legumes.

Root nodule forms from rapidly dividing,
infected cortical cells. Bacteroids perform
symbiotic nitrogen fixation.

Bacteroids

Evolution © 2007 Cold Spring Harbor Laboratory Press



Ectomycorrhiza

—
—

Hyphopodium
—

Arbuscules

Figure 2 | The transition from the free-living status of an EM fungus
to the symbiotic phase. A growing hypha from the mycelium of

T. melanosporum as observed in fluorescence microscopy is shown

in a (courtesy: R. Balestrini). Hyphal morphology changes in the
mantle, in which the repeated branching, characterized by incomplete
transversal walls (arrowheads), originates a pseudoparenchymatous
structure, as evident in the electron micrograph shown in b. In both images
the fungal wall is falsely coloured in blue and nuclei in red. The transverse
section of a mycorrhizal root tip stained with Trypan blue is presented

in €, showing the organization of hyphae in the mycelium, mantle and
Hartig net. Bars, 10 um.

Fungal
cytoplasm

Fungal wall

Plant wall

Plant
cytoplasm

Vacuole

\ ¥
| .. Pl
Figure 5 | Hyphopodium adhesion to the root epidermis in arbuscular
mycorrhizas. A top view of the carrot root epidermis is shown in a, in
which a branched hyphopodium of Gigaspora gigantea stained with acidic
fuchsin contacts the cell surface (bar, 10 um). The transmission electron
micrograph in b shows that the hyphopodium strict adhesion to the root
is achieved through the formation of several protrusions of the fungal
cell wall into the wall of the epidermal cell (arrows). A prepenetration
apparatus (PPA), assembled in response to fungal contact, is visible

underneath the hyphopodium as a broad column of cytoplasm traversing
the vacuole (bar, 2pum).
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Mechanisms underlying beneficial plant-fungus
interactions in mycorrhizal symbiosis

Paola Bonfante' & Andrea Genre'

Figure 3 | Scheme summarizing the main nutrient exchange processes

in EM and AM symbiosis. Emphasis is placed on the translocation of
phosphorus (P), nitrogen (N) and carbon (C) at the soil-fungus and
fungus-plant interface. Inorganic P and mineral or organic forms of N,

such as NH,*, NO;~ and amino acids (AA), are taken up by specialized
transporters located on the fungal membrane in the extraradical mycelium.
NH,/NH,* and P, (the latter originated in AM fungi from the hydrolysis of
polyphosphate) are imported from the symbiotic interface to the plant cells
through selective transporters. Hexose transporters import plant-derived
carbon to the fungus, whereas transporter proteins involved in the export
of nutrients from either the plant or fungus have not been identified yet.
This questions whether such processes indeed result from active, protein-
mediated transport or involve passive export mechanisms.

Perifunga

membrane

Interface

Fungal ,l

Figure 6 | The organization of an arbusculated cortical cell. The scheme
in a shows how intracellular fungal hyphae are enveloped by the perifungal
membrane, an extension of the host cell plasma membrane. This outlines
the interface compartment, an apoplastic space that surrounds the

fungus and mediates nutrient exchange. The central vacuole is resized
into a smaller volume as the fungus develops to occupy most of the cell
lumen. The nucleus enlarges and is positioned in the middle of the hyphal
branches. The transmission electron image in b shows the details of the
fungal accommodation process inside an arbusculated cell of carrot. The
interface compartment (uncoloured) is clearly visible all around the fungus
(pink), whereas plant organelles are observed all around the perifungal
membrane. In particular, the tonoplast occasionally seems to be in direct
connection (arrows) with the perifungal membrane (bar, 2um).






Fig. 1. Pair-wise compar-
isons of carbon allocation
patterns to coexisting AM
fungal species based on
BC enrichment. Values
above the zero line indi-
cate preferential alloca-
tion to species above the
line. (A) More carbon was
allocated to the coopera-
tive spedies (G. intraradi-
ces) compared with the
less-cooperative species
(G. aggregatum) in a two-
species experiment. (B)
When host plants were
colonized with three AM
fungal species, the RNA
of the cooperative spe-
cies (G. intraradices) was
again significantly more
enriched than that of the
two less-cooperative spe-
cies (G. aggregatum and
G. custos). There was no
significant difference in
RNA enrichment between
the two less-cooperative
species. Data from all har-
vest times were pooled
because there was no sig-
nificant effect of time on
RNA enrichment (Kruskal-
Wallis, P > 0.05 for all
three fungal species). Mid-
dle lines of box plots rep-
resent median values (n =
11), with bars showing
value ranges (minimum to

maximum). P values refer to nonparametric sign tests for differences of sample median from zero.

Pairwise preferences in carbon allocation to AM fungi (RNA densities mg mi™1)

Cooperative Reciprocal Rewards
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Fig. 2. Triple-plate exper-
iments to mimic partner
cooperation or defection.
We found a significant
effect of P availability
on C allocation patterns
(F320 = 5.29, P = 0.0075),
with preferential alloca-
tion of C to the fungal
compartments with access
to more P in (A) G. intra-
radices but not in (B)
G. aggregatum. In the re-
ciprocal experiment, we
found a significant effect
of the C availability on P
allocation patterns (F; s =
7.298, P < 0.0001), with
a higher allocation of fun-
gal P [measured as poly-
phosphate (PolyP)] to
root compartments with
higher C in both (C) G.
intraradices and (D) G.
aggregatum. However, the
less-cooperative species
G. aggregatum, remobi-
lized a smaller percentage
of its long-chained PolyP
into short-chained PolyP,

OuMP

7

14C sucrose

35 or 700 uM P

3Phosphate

> o N
N

Fungal™
hyphae

Reot y ROOt

&

50r25
mM

o0mM
sucrose

14C allocation to hyphae

33p integrated into total PolyP

(% of total transferred)

(dpm mg-1 dry weight)

100

80

60

40

20

4000
3000
2000 1

1000

(G. intraradices)

0OmM 5mM

A Cooperative ..
(G. intraradices) '
* 80F
60 F
40F
20F
OuM 35uM 0 uM 700 uM
C Cooperative

0mM 25 mM
Sucrose supply to root compartment

Less-cooperative
(G. aggregatum)

ns
ns

OuM 35 uM
Phosphate supply to fungal compartment

™

* 4000
3000
2000

1000

0OmM 5mM

0 uM 700 puM

Less-cooperative
(G. aggregatum)

0mM 25 mM

indicative of a hoarding strategy (figs. S6 and S8). Asterisks indicate significant differences between treatment means (Student-Newmans-Keuls test, P < 0.05).
Error bars represent the means of 8 to 10 replicates + 1 SEM.
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Figure 8: An experimental reference watershed at the Hubbard Brook Experimental Forest in the White Mountains
of New Hampshire, USA

Researchers have manipulated entire watersheds, for example by whole-tree harvesting, and then monitored losses of
various elements. The whole-tree harvesting of watershed 2 in 1965 affected the uptake and loss of nutrients and
elements within the forest ecosystem and was followed by high loss rates of nitrate, hydrogen ions, and calcium ions
in stream waters for several years. (Stream chemistry data were provided by G. E. Likens with funding from the
National Science Foundation and The A. W. Mellon Foundation.)



SimUText : Nutrient Cycling SeCtlon 2, Page 19

g 80
g 60 Clearcut
wn
I= 40
§_
+= 7
QC) E 3.0
S 20
(@) ' \A
O 1.0 /\\_J
E “ zbe«.. A\ AP, _p
o 1965 1966 1967 1968
=
Year

&RNitrogen concentration in streams flowing from adjacent clearcut and intact forests at Hubbard Brook, NH (after Likens et al.,
1970).
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Haber (or Haber-Bosch) process

N, + 3H, = 2 NH,
(AH = -92.22 kJ/mol)

...and the Green Revolution

Total Nitrogen Fixed
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Sources: 1- The World at Six Billion; Population Davisson of the Department of Economic and Socal Affairs of the United Nations Secretariat, World Population Prospects: The
2004 Revision and World Urbanization Prospects: The 2003 Revision, <http://esa. un.org/unpp> 2 - United Nations, 1973, "The Determinants and Consequences of Population
Trends, Vol.1° (United Nations, New York). United Nations, (forthcoming), "World Population Prospects: The 1998 Revision™ (United Nations, New York).  <http:/www.geohive.com/global/>
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J Simplified Phosphorus Cycle

STREAMS, RIVERS
AND LAKES

Runoff and stre

Anthropogenic sources
(e.g., fertilizer runoff, mining waste, sewage

Weathering S SAE

|

(Largest P Pool)

Sedimentary Uplift
(Geologic Process)

Notes:
(1) The phosphorus cycle does have an atmospheric component (not shown): P can enter the atmosphere, e.g., in

dust, and be deposited in both terrestrial and aquatic ecosystems. Atmospheric fluxes of P are minimal compared

with those shown, however.
(2) As well as cycling between dissolved P, organisms and detritus in oceans, similar fluxes occur in freshwater

systems, but at much lower rates.
&XThe phosphorus cycle.
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transformation to

sulfuric acid (H,S0.)
and nitric acid (HNO;)
partial neutralization in the
atmosphere; acids become
dry sulfate and nitrate salts
nitric oxide (NO)  sulfur dioxide (SO,) dry deposition wet deposition
and nifric oxide (NO) SO: gas, particles of H.SOs; and HNO; droplets
sulfate and nitrate salts dissolved in precipitation
acid fog
lakes situated in soil
with low limestone
oceans

. . . content become acidic
lakes situated in soil '

cars foms— with high limestone

content are unaffected

http://sparkcharts.sparknotes.com/gensci/envsci/section4.php
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Hydrogen ion concentration as pH of precipitation, 2002
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Hydrogen ion concentration as pH from measurements
made at the Central Analytical Laboratory, 2010

Sites not pictured:
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The multiple ecological pathways and impacts of acid deposition and mercury in forested watersheds in the Eastern U.S.
(Courtesy of the Adirondack Nature Conservancy and Adirondack Land Trust - photograph by Bill Brown,; conceptual diagram by Jerry Jenkins).

Lovett, G.M., and TH. Tear. 2008. Threats from Above: Air Pollution Impacts

on Ecosystems and Biological Diversity in the Eastern United States. The Nature Conservancy
and the Cary Institute of Ecosystem Studies.
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Here you see the complete carbon cycle as a simulation, which shows the

major pools (in GT) and fluxes (in GT/year) of carbon on Earth (other than
rocks), and is roughly accurate compared with more sophisticated carbon
models w_f . The simulation, which you will explore momentarily, begins in the

year 2000. y 101
Deep Ocean 37200

DEEP OCEAN
CARBON POOL
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Plant growth,
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and decay
Changes in Fossil fuel
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General Chemistry: Principles, Patterns, and Applications, v. 1.0
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Carbon storage capacity (Gt)

Estimated storage capacities and times for various sequestration
methods. The “fossil carbon” range includes at its upper end methane hy-
drates from the ocean floor. The “oxygen limit” is the amount of fossil car-
bon that would use up all oxygen available in air for its combustion. Carbon
consumption for the 21st century ranges from 600 Gt (current consump-
tion held constant) to 2400 Gt. “Ocean acidic” and “ocean neutral” are the
ocean’s uptake capacities for carbonic acid and neutralized carbonic acid,
respectively. The upper limits of capacity or lifetime for underground injec-
tion and mineral carbonates are not well constrained. EOR stands for en-
hanced oil recovery.

Lackner, K. S. 2003. A Guide to CO,
Sequestration. Science 300:1677-1678.



