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Just like an old house, every organism
is the product of its history.



A note on graphics

Historical information can be presented in
multiple ways:

* Venn diagrams
* Unrooted trees (phylogenies)
 Rooted trees



Venn diagram (ovals not to scale).

Bacteria




Fig. 26-21
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Rooted tree
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A phylogeny is described as though
it were a real tree, with nodes and
internodes.

Some of the nodes may bear names, with the
name referring to all descendants of that
common ancestor.



A named group is monophyletic = all
descendants of a common ancestor.

These are defined with reference
to a phylogeny.



How can we estimate dates?

Create a phylogeny using DNA sequence data.

Calculate the estimated number of mutations
along each branch.

Branch length (BL) = substitution rate (sr) x
time (t)

Therefore sr=BL/t
Calibrate the phylogeny with a fossil.



Non-grass relative maize rice

20 20 mutations

30 mutations

N

Fossil grass,
50 million years old

Substitution rate = 50 mutations/50 million years
= 1 mutation/million years



The phylogeny also lets us make an
intelligent guess about what the
common ancestor looked like.

How do we do this?



Sometimes this is obvious:

Population of plants Another population of plants
with yellow flowers with yellow flowers

Parental population
with yellow flowers



Sometimes this is obvious:

Maize undergoes Arabidopsis undergoes
Double fertilization Double fertilization

The common ancestor of maize and
Arabidopsis and all its descendants
Undergo double fertilization.

Obviously this inference is stronger as more and more descendants are
Considered.



Sometimes an inference is impossible:

Population of plants Population of plants
with yellow flowers with white flowers

Parental population?



So far:

* Venn diagrams and phylogenetic trees; I'll use
Venn diagrams when | don’t want to bother with
the details of a tree.

* How to infer the date of an ancestor; I'll just cite
these, but be aware that they are all anchored in
imperfect fossil data.

* How we might infer the characters of ancestors;

I’ll try to stick to characters where the inference is
strong.



How was the maize plant assembled
over evolutionary time?

Cell wall

Plasma
membrane

Nuclear
envelope

—r— Nucleus
2. Nucleolus

41 Mitochondrion

Chloroplast

Figure 3-3 part 1
Biology of Plants, Seventh Edition
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The challenge with such a talk is
deciding how far back in time to go.

| figured a good starting point would
be the origin of life on earth.
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Ribosomes and DNA are equally
ancient



Maize shares a plasma membrane, DNA,
and ribosomes with all living things.

. . EUKARYA
Maize is
Land plants Dinoflagellates
here. Green alg Forams_ _
Ciliates,” Diatoms
Red algae
Cellular slime moIdsAmoebas
Euglena
. - Trypanosomes
Animals 7 Leishmania
Fungi
Sulfolgbus Green nonsulfur bacteria
Thermophiles (Mitochondrion
)
Spirochetes
Halophiles COMMON il
ANCESTOR Green
OF ALL sulfur bacteria
LIFE
Methanobacteriu BACTERIA
m Cyanobacteria
ARCHAEA (Plastids, including

chloroplasts)
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Maize is here — Ge0|0g|ca|

First humans
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ca. 3500 Ma:
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years ago

1,200,000,000 to g First eukaryotes
1,800,000,000 years ago first Snawball Earth



Inherited from the common ancestor
of the Eukarya

* Nucleus
e Endomembrane system

— Endoplasmic reticulum
— Golgi apparatus
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Green plants
/\

Streptophytes
_A—

Plantae

Red algae Chlorophytes = Charophyceans Embryophytes =
Landiplants

Eukaryotic cell with primary endosymbiont
(l.e., a chloroplast derived from a cyanobacterium)

LE 29-4



Charophycean algae

LE 29-3

(a) Chara, AR SR NS P | 10 mm
a pond A S QI S
organism
(LM).

(b) coleochaete orbicularis, a disk-shaped
charophycean (LM).

Copyright © 2005 Pearson Education, Inc. Publishingas Pearson Benjamin Cummings. All rights reserved.



Interphase Preprophase
band and spindle

Figure 3-45 part 1
Biology of Plants, Seventh Edition
© 2005 W.H.Freeman and Company




Mitotic spindle = Phragmoplast
at metaphase at telophase

Figure 3-45 part 2
Biology of Plants, Seventh Edition
© 2005 W.H.Freeman and Company
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Figure 3-33b
Biology of Plants, Seventh Edition
© 2005 W.H.Freeman and Company

Orientation of microtubules controls orientation of cellulose
Microfibrils.
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0.5 billion years
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Figure 3-3 part 1
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Nucleus from
ancestor

of Eukarya /

Mitochondria
from
Bacteria

ER and Golgi
probably about
the same time
as nucleus

Plasma membrane

4 billion years old — shared with all of life

Chloroplasts
from
Cyanobac-
teria

Unique
cell wall
structure
from
common
ancestor
of land
plants
and
Charophy-
ceans
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Green plants
/\

Streptophytes
_A—

Plantae

The move to land

X - N 480,000,000
Red algae Chlorophytes arophyceans  Em ryoplgr’?f:-/ -440,000,000
-years ago

phragmoplast
cellulose rosettes

Eukaryotic cell with primary endosymbiont
(l.e., a chloroplast derived from a cyanobacterium)

LE 29-4



Maize is here

e w0 @eological clock
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«—— Cuticle

480,000,000- 440,000,000
years ago

Stomata
— somewhat after the cuticle



Origin of seed plants
(about 360 mya)

Origin oman
(about 420 mya)

Origin of land plants
(about 475 mya)

Copyright © 2005 Pearson Education, Inc. Publishing as Pearson Benjamin Cummings. All rights reserved.




The maize vascular system
Originated with the vascular plants, ca.
420,000,000 years ago

\ ATy

i — Internode

Adventitious
roots

- P o AT Figure 25-12¢
s ok A Rl ¢ o
RS R a".' "_: (a0 Biology of Plants, Seventh Edition
2 o . © 2005 W.H.Freeman and Company

Figure 25-12a
Biology of Plants, Seventh Edition
© 2005 W. H.Freeman and Company
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The seed is a mature ovule, which is an
integumented megasporangium. The
megagametophyte of seed plants is always
dependent on the sporophyte.

i
17 ') W (inside here and
g \‘\; NN\

A
¢ Pericarp > @

Wermuthskiefer ( Bran )

L
Germ — |

\
\r__ 4
{
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Angiosperms = flowering plants

275-141 million years ago
(i.e., we don’t have a clue when they originated)

Enclosed ovary

Double fertilization
Outer integument

Rapid pollen tube growth



The female gametophyte is wrapped

in sporophyte tissue.

Megagametophyte forms
in here.

It is surrounded by an
inner integument.

Angiosperms also have an
outer integument.

http://www.botany.utoronto.ca/faculty/dickinson/rosaceaeevolution/floral.html

48



_ Kuhlman & Rooney 2010
https://www.crops.org/publications/jpr/articles/5/1/133



Enclosed ovary,
flowering plants  two integuments, rapid pollen tube growth

(angiosperms)

monocotyledons

commelinid monocots
Poales

raminoid Poales

grasses
(Poaceae)




Monocots
191-137 million years ago

One cotyledon
Single adaxial prophyll

Meristem with 1-layered tunica corpus
construction

Leaf venation parallel



Embryos

onion Grass

www.botany.hawaii.edu/faculty/webb/



KNOTTEDI] expression in Setaria viridis




Double
keels

Adaxial prophyll

Newly
emerging leaf

blade

Philodendron pseudauriculatum

http://www.exoticrainforest.com/Philodendron%20pseudauriculatum.html



Enclosed ovary,
flowering plants  two integuments, rapid pollen tube growth

(angiosperms)

N,

- monocotyledons One cotyle

on, adaxial prophyll

grasses
(Poaceae)




Commelinid monocots
(124,000,000 -100,000,000 years ago)

* Arecaceae (Palmae)
e Commelinales
e Zingiberales

* Poales



Commelinid monocots

Ferulic acid in the cell walls

Silica bodies in the leaves

Paracytic stomata

Starchy endosperm (in all but the palms)

_—
\“ Endosperm—m-— |
,: < Pericarp _

(Bran)

Germ —m————>
Wb






Enclosed ovary,
flowering plants  two integuments, rapid pollen tube growth

(angiosperms)

-

monocotyledons One cotyledon, adaxial prophyll

commelinid monocots

grasses
(Poaceae)




Poales

Typhaceae — cattails
Bromeliaceae — pineapples
Cyperaceae — sedges
Juncaceae — rushes
Graminoid poales



Poales

e Silica bodies in
the epidermis

* Endosperm
nuclear

Maize endosperm. Cross section. Light microscopy, toluidine blue

http://www.dagz.boku.ac.at/fileadmin/_/H94/H941/bilder/Stoeger_Mitarbeiter AG/Bilder/Light_Microscopy/GR
_Maize_endosperm._Cross_section._Light_microscopy__toluidine_blue._gr.jpg



Graminoid Poales

Centrolepidaceae
Restionaceae
-lagellariaceae

Joinvilleaceae

Ecdeiocoleaceae
— Ecdeiocolea
— Georgeantha

Poaceae



Graminoid Poales

* Leaves distichous, with a sheath

e Stigmas plumose
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Enclosed ovary,
flowering plants  tWo integuments, rapid pollen tube growth

(angiosperms)

monocotyledons One cotyledon, adaxial prophyll

commelinid monocots

Star
Fe

y endosper
lic acid

Poales

Nuclea
Silica i

grasses
(Poaceae)




Poaceae
71,000,000 years + 9,000,000

Outer integument fused to ovary wall (fruit a
caryopsis)

Embryo highly differentiated

Whole genome duplication

Proliferation of antipodal cells

Subsidiary cells triangular or dome shaped
Bicellular microhairs



Embryos

[Seed Coat}

Ecdeiocolea

www.botany.hawaii.edu/faculty/webb/



Seed maturation
(dessication, accumulation of LEA proteins,
burst of ABA, etc.)

Arabidopsis peanut maize

zygote  Globular  Torpedo  pjrstleaf  Second leaf Third leaf  Fourth leaf
stage stage produced produced produced  produced

Plant development



Seed maturation
(dessication, accumulation of LEA proteins,
burst of ABA, etc.)

Arabidopsis peanut maize

zygote  Globular  Torpedo | fjrstleaf  Second leaf | Third leaf  Fourth leaf
stage stage produced produced produced  produced

Seedling leaves in Arabidopsis
Embryonic leaves in legumes, grasses



Grain/caryopsis/kernel

ENDOSPERM

. 4B

Endosperm———p

|
k

Pericarp _ y
(Bran)

Germ — |

\r_‘ 4
L}

WHEATGERM

Diagram from
www.baking911.com/seed.gif www.cerealprocess.com/html/fractionation.html



Taxonomic ranks

Family Required by the International
Code of Botanical Nomencalture

Subfamily
Genus
Subgenus

Section
Species

http://ibot.sav.sk/icbn/main.htm



http://ibot.sav.sk/icbn/main.htm

Taxonomic ranks
Each rank above genus based on a generic
name (8 exceptions)

Family - <genus name>aceae

Subfamily - <genus name>oideae
Tribe - <genus name>eae

Genus
Subgenus
Section

Species



Taxonomic ranks
Each rank above genus based on a generic
name (8 exceptions)

Family - POAaceae

Subfamily - POoideae
Tribe - POeae

Genus - Poa
Subgenus - Pratenses
Section - none
Species - Poa pratensis



Taxonomic ranks
Each rank above genus based on a generic
name (8 exceptions)

Family - POAaceae = Gramineae (1 of the exceptions)

Subfamily - POoideae
Tribe - POeae

Genus - Poa
Subgenus - Pratenses
Section - none
Species - Poa pratensis



Classification of maize

Family - Poaceae = Gramineae

Subfamily - Panicoideae
Tribe - Andropogoneae

Genus - Zea
Subgenus — [rank not used]
Section - Zea
Species — Zea mays
Subspecies — Zea mays subspecies mays



Overview of grass phylogeny



Phylogeny and classification of the grass family

Panicoideae (3236)
Micrairoideae (188) 3
Arundinoideae (33) §
| Danthonioideae (281) <§E
Chloridoideae (1607) % o
- Aristidoideae (349) ] %
Ehrhartoideae (111) T o &
Streptogyna (2) §
— Bambusoideae (970) %
Pooideae (3300)
e Pueclioideae (11) o
— Pharoideae (13)
—| \F‘_Anomochlooideae (4) 1

Ecdeiocoleaceae (3)

Numbers of species in parentheses
Grass Phylogeny Working Group I, unpublished

Joinvilleaceae (2)



Phylogeny and classification of the grass family

maize, sorghum, millet

Micrairoideae (188) S
Arundinoideae (33) :3
M Danthonioideae (281) <§E
tef 2| .
- Aristidoideae (349) ] %
rice I
Streptogyna (2) §
| bamboo i
wheat, barley, oats

e Pueclioideae (11)
e—— Pharoideae (13)
_| ;Anomochlooideae (4)

Ecdeiocoleaceae (3)

Numbers of species in parentheses
Grass Phylogeny Working Group I, unpublished

Joinvilleaceae (2)



Dating the origin of the grass family

71,000,000 * 9,000,000 Panicoideae (3236)
years ago

(just below the boundary Micrairoideae (188)
of the Cretaceous and Arundinoideae (33)

the Tertiary) Danthonioideae (281)

PACMAD clade

\ Chloridoideae (1607)

OR Aristidoideae (349)

+
91’000'00.0 - 9’000.’000 I Ehrhartoideae (111)
years ago, if you calibrate

with a different fossil | —— Streptogyna (2)

Poaceae

BEP clade

- 'l: Bambusoideae (970)
Pooideae (3300)

e Pyelioideae (11)

— Pharoideae (13)

Anomochlooideae (4)

Ecdeiocoleaceae (3)

Numbers of species in parentheses
Grass Phylogeny Working Group I, unpublished

Joinvilleaceae (2)



Phylogeny and classification of the grass family

Panicoideae (3236)
Micrairoideae (188) 3
Arundinoideae (33) :3
M Danthonioideae (281) <§E
Chloridoideae (1607) % o
- Aristidoideae (349) ] %
: Ehrhartoideae (111) T o &
\ B Streptogyna (2) Ej
Unique \ __| Bambusoideae (970) L
i:;l;g:;,is Pooideae (3300) |
e Pyelioideae (11)
I— Pharoideae (13)
Anomochlooideae (4) 1

Ecdeiocoleaceae (3)

Numbers of species in parentheses

Joinvilleaceae (2) . _
Grass Phylogeny Working Group I, unpublished



Phylogeny and classification of the grass family

Panicoideae (3236)
Micrairoideae (188) 5
Arundinoideae (33) §
| Danthonioideae (281) <§E
Chloridoideae (1607) % o
i | Aristidoideae (349) ] %
Spikelet Ehrhartoideae (111) | _ | &
Streptogyna (2) §
Unique | Bambusoideae (970) L
§32212;s Pooideae (3300) |
e Pueclioideae (11)
I— Pharoideae (13)
Anomochlooideae (4) 1

Ecdeiocoleaceae (3)

Numbers of species in parentheses
Grass Phylogeny Working Group I, unpublished

Joinvilleaceae (2)



The spikelet clade

All but four species of grasses have their flowers
arranged in spikelets. (Spikelet = little spike.)

The oldest fossil spikelet is dated to about
55,000,000 years ago.

Most spikelets have two glumes, although one or
both are lost in some species.

All spikelets have at least one flower (floret).

There is enormous variation in the morphology of
the glumes and the number of florets.



Phylogeny and classification of the grass family

Panicoideae (3236)
Spikelets with multiple florets Micrairoideae (188) @
Arundinoideae (33) §
Danthonioideae (281) <§E
Chloridoideae (1607) % o
Aristidoideae (349) ] %
Ehrhartoideae (111) ] o =
Streptogyna (2) zfj
Unique Bambusoideae (970) %
§32212;s Pooideae (3300) |
e Puelioideae (11)
ke Pharoidleae (13)
Anomochlooideae (4) 1

Ecdeiocoleaceae (3)

Numbers of species in parentheses
Grass Phylogeny Working Group I, unpublished

Joinvilleaceae (2)






Wheat spikelet — 5 florets

http://www.ksre.ksu.edu/aawf/May/may_4.htm



Inland sea oats — 13+ florets

florets

glumes




Common (Proso) millet — 2 ;Iorets

Palea

Glume —

Glume



sorghum

maize

rice



A closer look at the floret
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Palea

Kellogg photo

Doust photo



Lodicules — highly modified petals
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Phylogeny and classification of the grass family

Loss of three stamens ..
. Panicoideae (3236)
Ovary with two Micrairoideae (188) S
. ©
styles and stigmas Arundinoideae (33) 2
Spikelets with . . <
ultiple florets Danthonioideae (281) %
Chloridoideae (1607)| < o
M
Spikelet - Aristidoideae (349) | O
Ehrhartoideae (111) T o &
Streptogyna (2) §
Unique Bambusoideae (970) L
embryo, Pooideae (3300)
caryopsis 1
e Pyelioideae (11)
— Pharoideae (13)
Anomochlooideae (4) 1

Ecdeiocoleaceae (3)

Numbers of species in parentheses
Grass Phylogeny Working Group I, unpublished

Joinvilleaceae (2)



Ancestral carpel number =3

- ,‘-'A"’eRoux & Kellogg, 1999




Ancestral stamen number =6

Zaitchik, Le Roux and Kellogg, 1998

Kellogg photo



Most species in the family are descended from the
common ancestor of maize and rice.

Panicoideae (3236)(maize)
Micrairoideae (188) 3
52 million years ago | Arundinoideae (33) §
29 mi"iocr)‘zears ago Danthonioideae (281) %
Chloridoideae (1607)| &£ |
\# Aristidoideae (349) ] %
Ehrhartoideae (111)(rice)_ o -~
Streptogyna (2) §
— Bambusoideae (970) %
Pooideae (3300)
e Pueclioideae (11) o
\ri I— Pharoideae (13)
—L Anomochlooideae (4) |

Ecdeiocoleaceae (3)

Numbers of species in parentheses

Joinvilleaceae (2) . _
Grass Phylogeny Working Group I, unpublished



PACMAD

Panicoideae — maize is here, along with
sorghum and most kinds of millet

Arundinoideae
Chloridoideae
Micrairoideae
Aristidoideae
Danthonioideae



PACMAD

includes all origins of C, photosynthesis

Panicoideae — multiple C, origins
Arundinoideae

Chloridoideae — one or two C, origins
Micrairoideae — one C, origins
Aristidoideae - two C, origins
Danthonioideae



C, photosynthesis originated at least 17 times in the
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C, anatomy

To make C, work, every mesophyll cell must be close to a
bundle sheath cell.

The veins in C, plants are closer together than in C; plants.
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Figure 7-23
Biology of Plants, Seventh Edition
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Grass phylogeny
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Grass phylogeny

PACMAD clade

Panicoideae (3236)(maize)

Poaceae



Panicoideae

Ca. 1/3 of grass species (ca. 3300)
C;and C,

Two-flowered spikelets, development
basipetal

34,000,000 * 6,000,000 years (or 56 million)



Panicum miliaceum
Common (Proso) mille

Palea
Lemma

Lemma
Glume

Glume —

Ware Collection of Glass
Flowers, Harvard University



Top tlower

developing
ahead of the

Bottom flower

Bess, Doust, and Kellogg, 2005



Relationships within subfamily

Panicoideae
Chromosome numbers
Based on x =10 _
Paniceae
Andropogoneae | .,
Paspaleae ;g
— Gynerieae E

Chasmanthieae
{__r Tristachyideae
Centotheceae



Andropogoneae

* Maize, sugar cane, sorghum
e Spikelet pairs

* 19,000,000 + 4,000,000 ( or 31 million)



Maize

Ritter et al., Amer. J. Bot., 2002



Core Andropogoneas \ 7 Hyparmania hirta- AT
Schizachyrium scoparium - AN
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99 — Cymbopogon flaxucsus - AN
I-'-E-‘ymbupnﬂnnjmuaaam
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[ Cleistachne sorghoides - S0

Origin of Awns

Origin of Disarticulating
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100 100 r Tristachys superba

Danthoniopsis dinteri

— 10 changes






Zea plus Tripsacum

* Origin of monoecy — male and female florets
in separate spikelets

* Female spikelets unpaired by suppression of
the pedicellate spikelet

* Estimates of the dates of divergence of the
two genera vary wildly: 9,000,000 + 3,000,000
or 5 million, or 1.2 million years



Tripsacum Teosinte

(photo by H. lltis)




Tripsacum Tripsacum Zea mays ssp. mexicana

Orr et al., 2001, Amer. J. Bot. Orr et al., 2002, Amer. J. Bot.



The genus Zea

 Male and female spikelets generally in
separate inflorescences.

* Five species in two sections: Luxuriantes and
Zea.

* Diversification estimated at 100,000-300,000
years ago.
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Tassel spikelet cross sections, showing
differences in glume structure.
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American Journal of Botany



Zea mays ssp. mays

* Highly modified female inflorescence.

* Recent — within human history.

, |
) A




In summary

* The components of the maize cell are shared with
other land plants and have been assembled over
3+ billion years of evolution.

* The structure and cell types of the maize stem
and leaf are shared with other vascular plants
and have been assembled over 300+ million
years.

* The maize seedling, endosperm, and cell walls
are shared with other commelinid monocots, and
have been assembled over 120 million years.



The maize spikelet is almost as old as the grasses,
but the flower number and developmental
pattern are panicoid, ca. 34 million years old.

C, photosynthesis is ca. 32 million years old and
shared with other members of Panicoideae.

The paired spikelets are shared with other

Andropogoneae and have been around for 19
million years.

The structure of the ear is recent — less than
10,000 years old.



http://katiehutchison.squarespace.com/display/ShowlJournal?moduleld=1186140&categoryld=117050&currentPage=8
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