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TERRAFORMING MARS: CONCEPTUAL SOLUTIONS TO THE PROBLEM
OF PLANT GROWTH IN LOW CONCENTRATIONS OF OXYGEN

MARTfN J. FOGG
Pmhabilit\ Resedft'h Crout, c/o 14, HoEaih CoutL Fountain Drbe, Ia)n.lo SE19 luv
ht e me t : mfo g g @. i:t. c onpul in k..1. uk.

The widespread gfowlh of highef plants on Mffs tblowing ecopoiesis b.rs otten been ;nvoked as a method of generating

armospheric oxygcn. Howevef. one issuc lhnrhas been overlooked in thjs regard is the fact that terrestrial pla.ts do nol thrive

undef coDdirions oflow oryge! rcnsion. A review of the relevant botanical literantre reveds that the h;gh oxygen denunds

of.oot rcspiration could limit thc introduction of most plan6 on Mars unril after tenaforming has faised fie atmospheric pol

to 20 100 mbar Avariety ofphysiological sirategies are discussed which. ifit is possible to implement them in a genetically

cnsineered plant specific{lly designed lbr life on Mars, mighr allow this problem Lo be overcome.

7he gredtest seNice wh :h cdn be ftn lekl utt) country is to d.U a useful plant to its culture. 
Thomas Jeilbrson.

The archerytn phnt vill be the nransest sn)trth the trorLd hds ewr seen, antl nliturc shall etur ne lor it. With such a nodel,

and||ilhtheke)toi!i o eihdnds, one willbe able t.).ondw uninlinite varictj o1plunts. TheJ will be s/'c r logical plants

in other \|oiJs, ew th.ush thelt may not dcnalh e\ist, the! could e st. 
Johann woltEang von coethe.

lyherc flowrs Llestnerate, nat cannat tire.

1. INTRODUCTION

Napoleon.

+ M a n
Since the nid I 980's, there has been a resurgence of interest in
tenaforning Mirs transfoming thal planet to suil it for
lenestrial life. Mary aspccls relevant to such an undermking
l ve been subject to preliminary investigation: including po-
tential techniques of llanelary envifonmental cngineerlng [1-
51. possible micrcbial cardidates for a pioneering bioia 16.71
and questioDs of moli vation, economicsand ethics 18-l2l.None
ofthese studies have concluded that Lhe terrafbrming of M{N
would nccessarily be impossible or irr oral: but while dl
recognize rhe scale of the task, conclusions as to hs ultin lc
pracdcality, ad how far Mrrs' engineered envnumcDLal palh
night Foceed in an Eathlike dlrection. ditrer widcly l13,1'll.

This should not comc as a surprise. rhe conlrol space within
$hich teraforming can be addressed a.s a lcgitimate thought
experiment is prescnlly defmed by somc indisrinct boundaries.
reUecring unccrtainties in our plancldogical knowledge and
diffe ng assumptions on technok)gicrl and industfial progrcss.
Many of lhese nncetainties will only beresohed in thc fuLure,
in the course of space selllemenl and the est.blishmenl of a
populalionon Mars, explonng their wofld a! pd ofliving ihere

J151. Olher aspects of the Foblem howevcr crn be beiter
explored right now Snrce the purpose of rcr.aibrming is to
transplant life in atransformed allen planetary cnvno nent, the
environmental parirmeters rhat constrrin lenestrial life. and the
life foms thal sxrvive at thosc boundaries, are of padicular

Convenlionaly. tl]e rerafoming process is envisaged as a
condnnum of envifonmental states stafing with thc inhospita-
ble Mars of ioday and culnrinating with a planet habitable tbr a
complete rerrcstrial biota. nrcluding nritn (sce fis. i). Techno
logical planetary engnreering would presumably initiate the
transformation process until an envircnmental state wa-s ai

Habitability of Environment

Fig. ! lbe etrvirclnental LrLlectory lbr ecopoiesn and €r.fbnning
on Mr6. As conditbns becomc more habilable over ne. an

i . .  . c  b -  c L " l  r h . l .  A  f o , r o  q  r " i  l
F  rhe ragc i  "h[h 

r ' iP l 'Pr  p ld i .  fd  q.  I  r roJuced

lained where a hafdy microbiota (of 'extremophiles 
) could bc

cslxblished. This nritial seeding of life is often cnlled e.opotetts

fSl. Following ecopoiesis, teratbrming can contirue. driven by
a combination of Echnological and biological tools

Sone studics lay a particular cmphasis on biological trans-
formatjon [2,10], especially in the generaiion of .thospheric
oxygen and the creation of a€robic conditions that wottld open
Mars for animal life. CreaLion of an oxygen |ich atnosphere out

Hardy

+ Diverse Anaerobes

+ Exiremophiles



ofa CO, dch one raiscd ar the sra|1ofptanetary engineefing, jn
.  r ,ne.r ,n€ l . * ,han r t - : , .  o f  i  gn, ,or i :J  f "och.  w;J,d,equi  e,1..: I : : , i l i l .  hro\pre,( and rhe Je bera,e bu,i . ir  u srnj,
: ; : :1". I  i l  

^., ." 
:y8c,..,ed uar e.o1.rem. b,"ec 

"r h"igncr
D rr r (  qou'd b.  be{  to.  rh i .  puf |o,e , .  I  t .  ta l .  Ihe\  3re , ; ren
r^re pror ,  .  ' r \  c  lhdn cco,) . t in5 r  her . .  lhe " r .nrD produce. .
are bactena or.atgae and biomass lLmover is stower. resxltiDg
m a more massive standing crop. Uence, the Uiomass *nt growi
rs more convemcnr to harveir, transporr and srore_ tn ad;rjon,
_or : ' ' '  lnd e, lne.  ha.  e,uDer i . . ,  ; f  .h( , ,c  : rppedi  !hd, ,  r tBUl
T:i..". '".1:' l ,b'"/ ,odr.: cotnr .,, on M:r. rir. u i.r r" eri.
:^: ':: 

' i l . :: ' i" ..\en ir i1i idr) ocpr,r(r or Lne ,rpr_r rnJ

^ ,  
T h , . . t h e p , , i r  , , r  $ h i , n h i t s h e r  t t r n r  .  c d n  b c  c . . n b  . n , . d  o n

-vrars 
' ,  o t  pdr l r .u t .  in \ . ,e , r .  e .pecrr t r )  s i rh .e.per  ro -b(proaien ot  ros r  hh o\ )gel  r . lur  a l { r ,d)  he pre\cnr  ,n rhe

1.r ' , , .prere.  T l  r .  !  f re t i  tun, ,D e,  r t  ra on.r  r r  L  que.r ror  wt_rch
rs Lhe suhtect  of  rh is  pJptr

2. SOME CHALLENGES FOR PLAN 'S 
ONMARS

IIhighefpl_anrs are ro drive eDvironmentat chrnge on Mars. then
1. : - , :1 . ,  

n , '  r fe)  mu{ oe . . rdbt , .hc, t  J .  "Jr t .  r .  po* hte(mn€ , ie  rerd l , , fmir !  p  oce*.  Vo.r  ren! forn ing Inode, ., ,D:r r rng,K(  t4t '  p-o\ rL la,< etopre. i .  ur ing 1,a.e on I  V:r .
: | . r .  i i . h : : 1  i r n r ' o r : d r , , - . r J r e . i , 1 d d ,  r n a 1 f f i J r n J c h ;  )verr 'n  ot  l t  .  Ar i le ]n Far .n.  B)  ,e,er , , r  p  i  ro .genoJ.  !u t .u. . \

: lo- l l i - ) 'np 
'  ' r , ' ' l  ^ '  enJ on iugroot . .  i r  i .e \pccr(Jr tdr .

r I  \ . .  p tJn_e. : r , )  engiDeer.  nrch.rhL.  m. ,d. . )
rvrar  ran paramcrers [2. ] ,5 ,141

(t) Atmospneric pressure: 0.2 2 bars. oependrng on
physicat/chemjcal sraie and capacity of-indtge"nous

(2) 
*::Tlerrc compos,jron, Armost pure co,, wjth as
mucn ntrogcn as can feasibty bc rctensed fro; suface
mrnerals and a few milibnrs of oxygen generared
phoiochemicatty.

(3) Mean GlotalTentpenturc:Ai or above lleezln-!, brought
at'out by incrcased natural greentrouse crfecfpossiily
5r 'po,(menr.J  b)  err i i ic r : r t  rmf f  gr(cnhor.e Ei . i .  r . t
rn .  'emF , red ,unr ;Sh f rcn.o" . "  . .n" . , " , ,

(4) Hydrosphere: Mean gkrbat depth oI retcased water
belqren I  

-n 
ro. Ie. .  depenJing, , r  nru\c re\ . . \e ,  n1

rp drJ th.  rc  hoJ o l  metr  n!  f fu  t iur , " ,  , ,n .

(5) S-uf?ce lraadiatior Large armosphedc corunn deprh
rcduces cosm jcinadiarion iosaf.e tevels bur nnin.ompLie
u , , o . e . l . e . d , | l  p e r n  t . . o r r e d . . a d l )  I  \ , i f t  r h e . u e e n
ruu rz| njn ro rcxcn rhe sudace.

",-t_l: l  
.nl"r. {ourd F,e]l t) reJL.e .he rerhrt io o, rfe

j : L - . i " ' ' , - ' : " '  r - u r  . r i  n : , ! e ,  rhe  r r cn . . , .  ( . .mp" red  ror r e  L J . l n .  r e .  r r e t )  . u , , 1 .  J D . : r 1 ( ) \ i . .  d n J  w . t , r  . c " .  
\ i . r b l J

r d r i d l  " D , d n d  n ' , r c  U \  r . . r c r . n g r h e , u d i c e .  [ 4 r r o b " ' e c . ^ ] ,

l l .T.  l - ' l r , r  erobibr \  be rnJbt i ,heJ n : ,  .  h  r  i rcun.rdr  .  er  L tb, ,DUr wnar about hrgtrer plrnK?

^.  ̂ On-dre 
crch. : , r .  F3nf .  p t : rqr .  J iJn teu. . . I re)  h, ,J  )er  ,oe v o r \ e . t o r  l $ o  b i t l i o r  y < , , r . ,  J n d  r h e r r , , { e  r t < , i  { c r e  n u ' l e

loapreo r t i  lhr r  er  \  u-or . rnerr  $ h, \ .h  se co ra u\e 3.  . .  n t ,der  iocnoo,rng d D u lee,  p ldnr  lor  Mr. .  to  Jr  ( r .enr  r , ,$  crer , , inx, r r
lover(e cordr  runs, .1n . l  i t '  b , .  roJ d on lhe t -J f l t_ .  : lhough |  ̂ ,

( .  m b i r . e d  : n r o  d  e 1 \ i r o 1 r . e o t d ,  . o t , , . i , )  , , .  t h r J  $ , , u t J  h e  o nqJK q l r , r  ' . t  $me {ch lucar  u , .  . ,  ! r re.  m T-bte I  Jnd I  a
e \ r d e r  I  h J t  r h e r e f  . r t  k r c e . n r e d J o , o n r e .  s h e , r p t r n r , e \ h i b r ,

: ' l - ' - l ls- i ' ,s. '":  " '  
orc,rc. o r. j$ p-e*ure..ord. uro:gnr.

I u\ ron\ rr sa\e er .th. .  2lo nnt. ,oier
v r . r D r e  r l l ,  n  n z l . o l a n d h i g t  . u u n i . J , d n ! . b e r p o . . i \ , e f o m p t .
r i r  u ,  ( ) 1 "  e . , , t o m e d  V r r , . .  S o n r e , p e c c , r r e  k n o u r  r o o e
l l j , l l : i 1 , , -p " "  r ' r , . o ,e ,h , ,no r .  o |he5e \ , . . . . r Jd . ^  rF. r r0 i rhr t . r  , ,ne ( : ,nn, . t  poi1|  ro Jr)  p. ,n iJu,Jr  p,Jnr  . |ec ic .  rh! l'nrgrr  r !  s \  l lon \4ai . .  i l  r .  cncuur lp ing rh,  r t  e  p jdr i  | \  nS, lorn( o , , J , n  J  s " r i . h  o t  J J . D r r  o , .  r o  d J \ e r : : r )  . h r r  n i s h i . o n -
cer \JDr.  \e  tener  Ia l l )  .onbineu s. th.n a ,Lr t lh te orJJr  i . ,n .

TABLE 1: LoLatuns ol HaftL- krrestiat pLants

Adv€rue Environmental Som€ Ilabitats ot
Factor Tolerant ptants

Cold

Droxght

IDcreased UV flux (1>
280 nrn only)

High altitudes

Highlali!udes. high atritudes

Deserts. orher irid regions

High d udes

High salidty Sea coasrs, satt manhes
High pCO, Acidic hor spring,
Low pO" Wettands

Such facto$ as temperalurea.d water suppty wl]t bevariabte
on M:1. .  jL{  

" , .he)  
.  re ( r1 lhe |  f lh  H, ,$e\c" , ,uch .  rhe

uDr. turrou '  r : rLre  ̂ l  rh i  rerre. r . i r t ! lno.phere.  w I , r  r . .  h igh pO
r h ! r  e 1 r , r o 1 r  r e n r \  e , . . L t 1  a n r t , , g o u , i o  r h e.r1 l i r r . ron Jur i lg  \ / l rn ,dr  ecop, , ie . i .  r /dw pO. , , i ,  pCO aro

pn* 'Dr)  ruu ro l r tarmo\Dt  
"n.  

p.e*u.e,  u"  , ; . , , , , ,1  . *  io" ,
f l  r t .  t h r l ,  r p J ^ )  C l  r ) p e  t h o t , , . ) 1 h e  i .  r h e  r r a i . - i r ) ,  f r ! r
Deer r , {nd ,o p,e ler  h jphr ,  rc \et .  , , r  CO nrn r re pre\enl
Jrno.pt .erc cor . rn, rarb l  , , t  ,sn ppr4,  ru lh< e$enr t ra.  1rrq  t h  e n t u n c r J  C O  l e \ e .  5  o , t c  J 5 e J  u ; . n r n  f , e e n \ u u n . , oroo,r  DruJLc i r  iO r l8 t .  Hou(,er .  n  an)  p,Jnr ,  l .d \e Dr, .n,oL10
nor ' -  ldr r .setrJr  CO. Joncen,r rEun,  much o\  ef  t000 pp,n.  ore,"  roe.o 'nt i rcd l ror  .  t -ernts - ,ouenr"  o rhepHrnJlc id, \ r ,o t
' l l - ._.1], '11,.""1:": r i , .  i .  dr ,  D,f.,u," equi\cren ofrrrr I
mhff . , re* . r r . .n  t l  i1  he pre.enr  \4rn.an r .n.o,pneF th"re i .
rnJUSr , , '  e ! . , .one { i t t  k i , ,ko: t :d  rhJr  , \  o , ( rJn,  t i i  J  pnnrdl
o r c , . u r .  o '  . r l , t e d . r  i b d r o r r  O  t h ( u n l p t , u t ! r r f o o o o t J l e .
' . : i ' : : , ! : : , , :  , . ,1d! :h4. . \ r .  b . fn curru lcu.  :  lu  ,h , .$ n , , ,  A; \e,
rnorr .  (hcondrnon.  I ,o  2r '  .  1  \e e\p i , ,nr . \ . r  tb  rh .  nusr  t re

n rnf  /Jcr  th : l  15 a -e. ideD. ^ '  fo t  dcrd i . . ,or  ng.  rnd tenc(  i .
n ' r rp led ro '  l i  re  . t  a  1, ,$ pH. $ t re.n. . r .uch c t , , ter : r lce.1,utd be
c o n  e r e J .  1  I , { e  r ^ n r p l . \  p t J  l .  i ,  J n  o t l e l  q u e . r i u n  r , o , h i !
r({ue r\ srL Jsrdc rrom con\ideturion here

Tte t robhn t .cea oy p l r r ,  o ,  b tou p: r . r . . t  pre. ,ure o l
p9:1," ' r , ' .  perh i  p5 more i f le- i . , i  ro  beca r .e,he pt : , r , r r

:Tl1i:: 1. 
.e,. , :. L,he f med) ro, ro{ Do rr . ;r.o :r

l l - " " ] . l l ,n j ' ,  
.  ed,)  ro n\e, tno,{  .n  d . rpcr f ic id t  

"pp,r . r t  o
t ' r n r  D n \ \ r o , , ; )  A h e r  a , r .  $ h e n  D t a n l .  a r . u ,  r n e  r J k ,  ! tp l lor , . )nrre. r ,erc(cd.  11,e rdrc. r  ,e . t i , !  o1re\Lt r .n!  i I  I  1e lprooL' r  I  o l  n t  o\ ) ten \  h \  ,ho,  td  pt , ,nr5 need, , r )  o \ )gerr  rorrFe 'unounJng ! i r  dr  , , I t  q  hen r t -e)  

" t  
pr , , lLcer ,  or  ; .  ,  f t re  rd.L

r(  r roufh lh i r  p tdrr l  dre Jer . ,h.L ,  { ta1i \n.  rnd , . \  o t \ed o|  rhe
E i n n  \ h e r  l f e r ' m o , p \ e r e . r . d t , e d J )  n c h i n o \ ) g c n  A .  q r l



I'?rfttorrnins Mdt!: C.tu:.ptnt Sotuti.nt t) the pnbteu 4 ptaat ctu||h nt b$ Cn.etdln)nt tu A\!?n

be shown below. the scarciiy of o)tygen on Mars li owtug
ecopolesrs will also be a najor adversc factor liniiing pta
growth.

3, TERRESTRIAL PLANTS AND ANAEROBIOSIS.

AI algae and planrs are exkrryotes: that is Lheir ccls contain
nuclei and a vrriety oforgaielles. sonre ofwhren are equrpped
l"  cor  duct  rcr , , l . ic  i ( . t i r i l  ( r4.  The enr :genr  t : .  e  : rnu grea e,
.u no.c\ i r )  o t  dJroo, !  t i re  roml .  i ,  be.JFe re; , rh i .  re. t i r  ion
i \  r . L . h  n n . e  e . 1 , r o m  r b t  i n  . c n i .  o  c , , r h o h ) d r " r e . r 1 , L , n p
I ' o r  F o r ' r . r r n L e . , ' \ i d . . n 8 o n !  p l J c . ' (  r ^ t e c l t . . p f o !  J p .  r 8
n o l c . , ' l e .  ^  A l P ,  h e  r i r , , h n L c e | e r g J  r u  e n c r  u f J . t  t i \ i , g
orprr  r \m.  I  q  terer !  rhe icmentdt i , ,n  ot  gt r  co.c pro\  rd.  ,  -  u{
rwo.  r  l r . ] \  nL.  l t .ereJor(  rhJr  !one o\) te1 r . ,equf .J  b)
d mo! l  f l  er  ( rDote\  Inr  d l  .  .  ,  J  .ubnlnr idt  I ,1n.  or  rher  t i t ;
. ) c r e \ .  h \ r ( p '  n . o n t ' . l r e . i . , , , f ) e d . r .  n x . o : .  i  r h i , , c d i n
r l e  . b . . r ! e  . i  o r ) r c  r n d  t r n c e  g r .  s  n  r r r n o r  , , . c u r  \ o
f i g \ e r  p i J n r  b d . l - e e r  r u , r a  n i r  t - " e J k . , , r . r u t .  L  

- . 2 t 1

The lowest value ot' oxygen rension required that saruates
r e . p l  u u o n  l .  t u  o u  n  J 5  l h .  t  t t  , o t  U t v { r  p n \ \ u r . , $ u J ] \
a b b r p \  i d r e J  ! . . O P ,  2 2 t . C )  o L f , , r , e o \ i J 1 . e c n / J m e \  r  r t e
nl ,  orhondr i , r  hr \e r .h a n igh Jr f  r i r )  tu ,  n\ ,g(n rhf l  r t -err
. c l r , r l ,  \  n i , r  

- i r 1 ; t e J  
d o s  I  r o  J  C O p  o r  r J . t  n h a r , ) . r .

Howevcr. inreatity respiration becomes Innired at higher Cbps.
when nredsured in tems of rhe oxygcn rensjon .rrerio, to a

, rnc(  . , \ ) !en nu.r  pa! .  r tuuugh . r \ \  re .  b)
orr  u\ ron.  rn\en b)  d J , ,  rceordl i^n grzJ ienr .  \ub.u r t i rU)
tugter  ra l ,  c .  o ,  dmbrenr  pO l je  rhere orr  re4u,rpo ro permi
a a e q u  t e  o \ ) t € n r l o n  o t  i f l e r i o r  r . n e .  , ' , , .  f h e  u \ J g e n
conccntratlor thardivides |hc aerobic from the anaerrbic w;rld
rs knowD as thc Pasreur Poini and is oftc! said 1() be around t./.
O.. eqxi valeni 10 a plessur e of - I 0 mbar Larse plams would be
e \ f e c r e o  ' , h J v !  '  O P . i g h e r r t : , n *  .  b " . r u . e . , r  n e  t - a r n < r .
to diffusion canscd by ficir butk and the rendency to rorm an
anaerobic core. Moreover we woutd expect too thal diflerent
pan.  ' l  r  b  \e l  p l r  r l  $oLld hp co\ered b)  u inerer  |  \J  ur .  l r1
( - O P  b p .  J u \ '  u t  d r f i . r e n t  n r , r r J  a n J e r r e m : t r d t , , m ) . r b f r -
rng ratcs olnrctabolic activily andaccess ro cjrcutating air 1, tr
rcasondble to suppase thlu the t)rydn )here rcst)tatnn ts
r u t i . t  t , h ,  h t p h ,  r ,  t i t "  a t , , \ ' " " a  r t ? \ \ u t , , ,  t .  t h c . q t u t I
COP lut  thp rh, '1 .  p lunt .

Oxygen is supplied ro a planr by difiusion iiom the arnos-
phere. thorgh under cerrajn circumstanccs may De sxpple_
menrcd significantll by photosynltresis. The COp of l;Nes
Derefore r .  unl iher)  t , ,  he geac ' : ,  )  t ra  i l ,n !  .  iqce ,h. ,e o?dr ,
d r e  L n e  \  r e \ o 1 , , \ ) g c r  t  o d u r r ' , , n  i n L f e ! .  h . . o e e l n u r e d t r J l
| n e e l ' . i e n c J  ^ '  ( - '  p a u r . , ) n . h e n , d r r L a t t ) , r  c , < a , < . f " o g J ,
$ p l )  b ,  e d r c i n g p O  f r J m , l t o m h r r u , . $ n r o  ' 0 r r b , r  , 2 4 l .
lhr \  rppe! \  ro i .e  bec. , ,  \e  d t , ,se"  u\ ) !e1 . .uncef l r -uon
suppresses photorcspfation. a wastefut process rtrat competes
w . l i  t h o r o \ \ n r h e . i . .  t U u n  " . e d  r . r \ e 5 . a ,  r p p . u e n . t l  i r n c _
l ron pcrecl r )  $el l  .  in  dnbip l r  pO ot  .  n . \  rnb. I ,  no, tu. rhr
becal . r  rhei - . r  I ,  dc -e,D nn!  toc: r i t )  mdrJ Jc .eJ o\ )gen
Hose'  {  pro l^r :ea !  ,Jeroo,  ^ i .  nrh"o:r \ i .pn l . i , . toc ic i  y
o. rnrg f t  cor  i rhrb t \  \ub\eqFlr  ph,r ro. )nrhe$ Lp, , I  b( i  rg
returned to the light [24]. Thc nreasure ot' $is .protongetl;,
period however is not clear but n is [kel] jn most specics to be
longer than 12 houn.

One ofthe organs ofaplanrwhcre oxygen is in mosroenund
r\  l i r  root  . \ . rern.  { . rec ia l l ,  rhe dpL.at  r . . . i . ,en i  , rc t  need.
e r  e r g .  r o r g r .  w ] h d n J u D n ( c o t n , n c r a t  n J r r i e n r . n , , m  r h r , o i l
against nn osmotic gndienr. Sjncethercors are isolareclfrom an
unrestncted llow of aif. are most remote lion the sires of
photosynthesis, and since rhey nust compeb wirh the soil
mrcrobroh tor orygen, ir is feasonabie io considerthe high COp

of  t fus \ i t r l  orgdn rs l imir ing th(  whn]e pt rnr .
\ h e n . u b e . | , .  J n o \ . , .  I n o r . . \ h i b r .  r h c  t o  o s i , g 5 ) r , l

toms l25l:

Phlocm rransporr from shootro rcois is inhibired (i.e thc
foors lbod supply shuLs down);

12) Root growlh ceases;

(3) Mineral xbsorprion ceases;

(1) Root apices degeneratei

(5) DeaLh.

Causes of this eventurl rooi dcarh:re:

(  l . )

t2)
Too lilrlc ATP bcing produced io sustain cetl firxuuon,

Too litde AIP {vailable for nitosis and growthl
(3) Loss of membrane nrteSrity;

\4) Build up of toxic producis of anaerobic respiration;
(5) Redxced suppl] of nxlrienrs:

(6) Lealage and krss of warer io the soit;
/ - \  Pdthu!eni r  i  ,d  .o\ ,  ene. t .  . , t .o i t  r l  croordrru. rn\ :
(8) Toxic effects ot reduced soil chemiitrj

Even rhough the Earrh s rtmosphcre is rich h oxygen. thcre
are many land habitlts (espccialy those pro.e io Uooding by
. ld , . rJn.  urren st . ,e . /Jr r  r ,  \ i  .  . r I  fcr  f )  po\  d,  ore\  en Jnor i r|  7 l l  l h e t i n e r r r J . r c e  F r u $ r h r J t r o t o l s e d e \ p u . u r e r o
r r e t " r t c r  r o r r d t t y  r c , u l ,  i n  d e a r h  t h r . . o q c a d \ e o \ ) ! e n . .
L. rc l  )  .upo rcu  ̂  roor .  h)  d, f ,  . inn Uj  , , i r .p" .e.  i r  r t rc  .o i t
wher rh\e .o i l  F,  e. : r .  sare losged.  the o\ ) ter  ddi . inn
iof r r . renr  td t \  b)  . r  tJcro '  , ' t  t l }  rnd r .  .J t t t )  i .  c t  ecr , \ . . tJ
choked oftl Temporuy anoria can bc withsli;d by aI planL:.
but not surp.jlingty, rolerance varies -!ready. For iritance,
cotion .oots die unde. anaerobjc iDcubation i. just 3 5 honrs
1261, whereas the rhizomes of ccrain wettand-aiapted phnrs of
the.Ias. Monooryledonae (e.g. tjlies, idses) can survrve ror
over 2 monrhs t271.

It is thus to wetland plants that we might loot for ctues on
how to adaptplants for low pO, onMan. Sxch planls adop hree
rypes oi strategy to cope wiLh episodes of anoxia I2l.25l:

(l) Nutrienr requiremenrs and water loss are minimized in
ofder to rcduce Lhe adverse efiects of poor rooi function.
These are achieved wirh a slower Arowth ratc of rhe
shoot: norage of ninerrl nutrienis in the tcaves;
abscission of older leavesj rapid stomatat closure; and
epinasty (wherethe upper sjde of lerves grow nore than
the bwer naking thcm appear to droop wilhour iosnrg

12) Shatlow adventitious rcots continua ] devehp at thc
nem b,r f  o  -eo dce rhe prr .ou. .  dJn a-ed.  roor . ) . r .n .
l r  idd t r , ,n .  the r . in l \  de, . , toJ,  . ,pn r ,  r ,4d.  I  . ) . tem of
lnlernal pores rhal connecr jnro contjnuous nif channeis.
These redrce the bulk of oxygen conslrming tissue:
nc.ease thc inremat surf-acc area availabtc for orygen
upiakej facilitate the supply oi oxygen downwardstioDl
the shoot to the 10.:)tsi dilute and remove votatile toxic
lerneIr . r .o0 p nduLt . .  i  nd l r lp  o\ id i .e  rnd ue.o\  \
rne sun ' ,unorng \od.

(3) Metabolic adaptations are usedtojncrease the timc over



which ce1ls are cnabled io operate on anaerobic
respirrhon. For insLance. the activity of protective
enzynes such as alcohol dehydogcnase can be nr..eased
and malare can be produccd instead ofethanot as a tess
toxic end producr of felmcntation. Fufthefmore, it has
been speculared rhat somc planr rools may be rbte to
rcspircusing nitrare anions as rerminat etcctron accept(trs
in phce ofoxygen. much as many bacteri! {re knowD t.)
do 1281. Annerobi. netabolism in planrs holvever srjl
only prcvides lr rcmpofary means of survivat.

Thus. on Mrrs sone oxygcn will have ro be present in order
ro sarisfy the denands of root mctabolisn. Tcneirrial ptrnrs are
used to asea levclpor of210mbar. Reduclion ofpO: liom these
levels, rlthough initially benefici{l for C3 ptrnts. can be ex-
pected 10 increase lhc suface areaofoxygen deiicient habirats.
untrl a point is reaclrcd where elen weLl aerated soils becoDe
hypoxic and a varied, vigourous and widespread inveDtor) of
higherplants is not possible.The srudics rhat hale Dcen oone on
root critical oxygen pressurcs are therefore of parrjcutar ret-
elance io the question of lcnaforming.

Experimentally determincd root COps vary, but vxtnes of
pO, > I 00 mbar are usualy reponed tbr tfl rrlo trials on cxcised
root Lips or rissuc slices t231. /, !l!d trials on inract ptants
however report nuch lower\.alnes which are thoughtrobe due
to lhe lact that the erpcrimenral proccdure had roL breached.tDd
flooded the aerenchyma system. hence maintaining the supply
ofoxygen tu)m shoor ro roots. Wedand ptants that xre specifi-
cally adapted to cope wilh hypoxia aDd temporary bouts of
,tDoxja are cha.acterized by x high proportion of gas space. For
nnrcstricied respiration in uctland species such as ricc, it has
been efmated thal this venrilating sysrem mrsr be such as ti)
maintain pO. > 20 mb in ihe regnnr of rhe roots t291. Non
wetland plants also seem to be able ro supply some oxygen fronr
shoot to root. tn intacl naize seedlings fo. insrancc ir has been
found thai rhc root COP is as high as - 300 mbar when the shoor
ismainttned innhfogen. bLrl frlis ro - 60 mbar when kcpt inair
1301. These values of whole root COP seem ro be a functbn of
their densest, nrcd metabolically active rissues s|cn as rne
menscm and stelc: the COP ofricc root corricat ce]1s, in close
contact $,ith thegasphase. n ghtpossiblybeas lowtrs- I nbaf
1291.

A snmm{ry of the range of critical oxygen prcssufes dis
.ussed in this Sectionis gjven in Table 2. One might lentatively
conclude liom it that somc unicelluLt algae, inhabiling weu
strned and aented waiers might find enough ambienl oxy-sen
lor unrestricted aefobic respiralion at a pO, as klw as I 1nb0, bui
- i0 nbar would be needed fof aerobic life io become a
signilicant ecological fearure. The bulk and conlpterijly of
higher plxnts wouid constrain thcm to a MaN wnere mc
atmosphcric pO. is at lcast,20 nbar and p€ferably > 100 nbar
I l 4 t .

This poscs obvious difficulties tbr rhe concepr of an earty
introduction ofplants on Mars, as calcnt.rrbns ofphorochemi-
cal ox ygen podnctioo $,irhin COr arDosphcre! simitar t()those
proposed as bcing raised by pl{netary engi.ee|S. snggcst rhar
pO, may only rise as high as i l0 mbar f3tl. However since
b i l h e r  ' J n . : .  . r . h  r d e s r J b l e  r e J r u - e . r  :  p r o n e c r i n !
Mariian biota, in both practical and aestheric ienns. ihere ts a
clear incentive to conceive ofplanrs that both wilhstand perma
nent hypoxia and thnvc in such conditions.

,T. CONCEPTUAL SOI,UTIONS FOR PLANT
OXYCENATION ON MARS

Pennanent hlpoxia, above the soil/air interfaca. occurs no

TABLE2. Slnnat! ol Criticdl)r,gen Pressurcs Rel?vnt to

Milochondrion

close contact with gas pbase

Whole roots with no inrernal venlil{tion

wherc on Earlh and hypoxia or anoxia wilhin the soil is usualty
a prrblem only when it is subiecL b warerloggjng of freezing.
Itlblbws therelbre that seting aside all other ljkety environ
menlxl challenges 1() pioneering higher plants on Mars rhey
will n:quire modilicaLion from their rncesrat rerrcst.ial srock
on grounds of oxygen suplly alone. 'Ihe ques"un Ls, tun we
plaulibb conceiv oJ a daign lot d hisher ptdl1t that is
s?ecLJie y adapted lbr LiJe on a seti?reb hyporic pldnet?

One question weftghtfirst ask abouftrts question is exactty
whatdo we rncan by plausible? Planrs nodiiicd for Mars would
presumably be rendcfed so by genctic engineering. There have
been nrny fantastic clains made on behaff of rhe ultinate
capabiliiie! of geneiic engineering, cspecially whcn shafing a
common plattorm wiLh .anorechnolosy te.g. 32,331. Such
spe.ulations often r/a/r with life (or naDo Dechadcat quasi
life) that can survive virtually dy envAomnent, subsist on any
substate containing the right clements. and mdnufacrure any
rcquircdproduct fe.g.34l. Perhaps this will be plausibte. bxr thc
present rcaliry is that whilsr we can ideniily the genes (or
profEa'nmes) tor cerr,tin phenotypes md transfer them between
existing organisms, we cannot yet invent genes lbr phcnorypes
not yet rc.tlized in biology. Thus. the approxch adopted in this
p.iper is lo dcsign hypothelical Manan plants by seeking
xnalogy in fbnns and processes.tlrcddy observcd on the Eaflh.

It is possible in principle ro conceive olapla.trhat subsisLs
on aerobic respiratrcn, but whiclr requircs no oxygen from irs
surroundings at  a l l .  This  is  because a p lanr ,  being a
photoautotroph. gains the energy fbr carbon fixaiion dirccdy
trori] the Sun. Thus. as a plantgfows. ihe rxte ofphoroslnthesis
exceeds that of respirafirn. meaning thar it produces more
oxygen |llaD it consumes. IheorcticdlLr, iJ d pLant coukl retain
the orEen n man4Ad res, and distibute ii to all iB oryans, it
w.ul.l hnre norc than enough to satish its respirutorJ needs
and th( ambient a\gen te sion would be irrelevv.

Ofcowse. this view is simpiisdc ir thar it ignores the realiry
rhr  th . in , )  rq. r ,  c . ! . " .  Jr  r r f l  I  dnJ .ucn rcor \ ,  I  ience\  d\
seasons when there is no growth. The fomer difiicutty probabty
is nol onc as some planls {re known lo cope on night time
anaerobic respiration: whercas rhe lattermight onlybe a scrious
restriction at bigh latitudes where there is lvcxk wintersuntight.
A greater potenlirl problem is the facfihar nol cvery stage in a
planCs Lt! cycle is photosynthcti.. tn pafiicular, seeds need
cDe.gy to ge.minate and are nrhibited trorn doing so xnder
anoxia (except for gruwth i! sonc paddy field planrs. which
dLcl  |e '  " f ter  

'1oor  ime-gence . r  Jn i i \ ) ren
fonnd). Fotunately however, research ha! shown thaL gemrina-
tionis possible in hypoxic conditions, in sone cases ar very low
o r l t c n . 1 i l , e n  m d o n : .  s \ c J .  l J r  r o r c r l - c i - e n e r g )  ? . . r \ e ,  n
the tbrm of lipids Gnclr as tufnip and cabbagcr oo worsr,
.equiring an oxygen tension of 20 i00mbar; burthosewhcre
the reserves lrrc in the forn of starch (e.g. ricc and whear) can
get going al a pO, between 2 - 9 mbar 1351. Gemirarion in rhe
Manirn environnent. quite early on in the tenalirming proc-

-0.1 mbal

- l0 mbxr

"20 60 nlbar
-100 300mba.
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be shown bclow, the scarcity of oxygen o! Man folowing
ecopoiesis will also be a major adrerse lrckr limitins planr

3. TERRtsSTRIAL PLANTS AND ANAEROBIOSIS,

Al1 algac and plants are enkaryotcs: thar is rheir cells contain
nxclei and a vafiety oforganelles. some of which are equipped
to conduct rerobic resptation. The eDc.getic pace and rreatcr
compleily ofae.obic lite foms is becausc aerob;c respiration
is much more cconomical in terms of carbohydrate consump
tion. Forinstance, oxidising one glucose moleculc prcvides 38
molccuLes of ATP (the nclabolic energy cxnency of all Living
org{nisms) wherers thc fementation ol glxcose provides just
lwo. It turns out therefbre thitt some oxygen is required by
almosl xll eukaryotes tbr all, or a subsrantial part, of their life
cycles. Except in some species ofycrst, mitosis is innibiLcd in
lhe absence of oxygen and he.ce growth caDnot occur No
higher planl has been found ihat breals this rule 117.211.

The lowest valuc of oxygen tension required rhat salurates
respiration is known as the Ctitical Oxrsen Presturc (.us.dally
abbreviated as COP) 1221. Cytochrome oxidase enzymes in ihe
mitochondria have snch a high affinity for oxygen that their
aclivity is not limiied down to a COP of - 0.1 mbu 1231.
However. in rcal ity respiration becomcs limired at higher COPS,
shen mea.rreJ In Frm\ o l  r l 'e  ̂ \ )g t ' r  ren. ion
glven orgn'rism. since oxygen musl pass through rissues by
diffusion. driven by a concentation gradient. Substantially
higher values of anbicnt pO, are therelde requi.cd io permit
ade.tuate oxygenalion of interiof tissues t211. The oxygen
conccntration that divides thc ae.ohic ffom the anaerobicwodd
is known as the Pasteur Point and is often said to be around l./.
O' equivalcnt to a pressure of - 10 rnbar Large plants would be
expected to have COPS higher than this bcc.tuse of the bariels
to diffusion caused by theif bulk and the tendency to form an
rnrercbic core. Morcove.j we would expect ioo thar difterent
pffts ofa given plant would be governed by difierent values of
COP because of dit'lerent inlcmal and external anatomy, vary-
ing rates ofmetabolic activilv and access to circulating ai. /r jr
rcasondble to su?pose th.tt the organ ||herc rcspirdtion is
tubject to the highest cri.tkuL orygen pressure vts the arerall
C0P Jor the whole plant.

Oxygen is supplied to a plant by diltxsion from the armos,
phere. though xndcr celtain circumsiances may be supple-
ncnted significantly by photosynthesis. The COP of leaves
thereforc is unlitely lo be gencrally limiting since thesc organs
are the sitcs oforygen production. Indeed. it has beennorcdihat
the etlicieDcy of C3 photosymhcsis actually increases progres
sively by reducing pO: fiom 210 nbar down to - 20 mbar [241.
This appears to be because a lower oxygcn concenrarion
suppresses pholorcspiration. a wasteful proccss that comperes
with photosynthesis. Illuminated leaves can apparenrly tunc-
tion pedecdy well at an ambient por of < 0-5 mbar no doubr
becausc their cells are respiring krcally manutactured oxygen.
Howevcr, Irolonged anaerobiosis in rhe dark is physiobgically
damaging and inhibits subsequcnt photosynrhesis upon being
returned 10 the light 1241. The mersu.e of this "prolonged"
per iodhowever isnotc lear ,but i t isL ikely inmosrspeciestobe
longer than 12 hours.

One of the organs of a plant where orygen is in nosr demand
js the root system. espccially the apical merislem which needs
encrgy 1or growth and uptake of nineral nurrienls from rhe soil
against an oimotic gradient. Since the roors are isolarcd ftonl an
umestricled flow of air, are rnosr renote from the sires of
photosynthesis, and since they must compeie wiih thc soil
microbiok fbroxygen. it is reasooable 1(r considerthehighCOP

of this vital organ as limiling the whole p1ad.
When subject to anoxia, roots exhibit the following symp

lons [25]:

I 1) Phk)em rran spor from shoot ro rools is inhibited (i.e. the
roots' food supply shurs down);

(2) Root growth ceases;

(3) Mineral absorptun ccasesi

(,1) Root rpices degenerate.

(5) Death.

Caxses of this eventual root death are:

(l) Too lilde ATP being produced to sxstain ccll functioni

(2) Tur little ATP available for mitosis and growth:

(3) Loss of membrane integritlr;

(4) Build up of toxic products of anaerobic respiralionj

(5) Rcdu.ed supply of nutrienis;

(6) Leakage and loss ofwa|er to thc soii;

f - \  P J l h o . e I . : r n u  t o \ h  , f i c , r , .  \ n t r  c r o o r g : 1 i ! n i .

(8) Toriic eUccts of reduced soil chemistry.

Even though the Earth's rtmosphere is rich in oxygen, fierc
are many land habitats (especialiy Lhose prcne to flooding by
.  dsr , , I r  $  arer)  s  here n la l r  .oor . .un.r  \ ) fo \ i r .  or  e\  en dno\  . l
li7,21l- The fonner reduces gowth and prolonged exposwe io
r h e  l ] | r . r  n o . r d l l ,  r . . u l , .  i n  d e a  h .  I t u .  5  o e c d  \ c , i \ ) ! e n  \
usua y supplied 1(J roots by diffusion via air spaccs iD the soi1.
When ihese soil pores lfc waterlogged. the orygen diffusion
coelTicient fals by a taclorof- ](} and its supply is eficctiveltr
choked o1T. Temporary anonia can bc withstood by all planls,
bx1 not surprisingly. tolennce vtuies grcatly. For instance,
col|on roots dje under anaerobic incLrbattun injust 3 ,5 houls
[26], whercas the rhizomes of ceriain wedand .idapied plants of
rhe .Iass Monooryledonde (e.9. lilies. irises) can suNive for
over 2 nonths t271.

It is thus to weiland plants that we might look 1br clue! on
how to adapt planis lbrlowpO,on Ma|S. Such pl:nts adopt three
lypes of strategy to cope with episde! of anoxia t21,251:

(1) Nut.ient requlements and waler krss are minimized in
ordcr to reduce the adverse efiects of poor root tuncrion.
Thcse afe achieved with a slower growth |are of the
shootj slofuge of minefal nuidenls in rhe leaves:
abscission of oldcr leavest rapid stomatal closurei and
epinasty (where the upper side of leaves grow more than
the lower making lhem appe.r to droop wirhout losing

(2) Shallow adventitious roots continmlly develop ar the
stcm base to replace the previous, danaged. root system.
In addition, the roots develop a"ur.rtna. a sysrem of
internal pores that connect into continuous airchannels.
These rednce the btrlk of oxygen consuming tissue:
increase the inrcmal sudace area available for oxygen
uptakei facilitate the supply ofoxygen downwffds from
the shoot to fie roots; dilutc and remove volatile Loxic
femrentation products; md hclp oxidise and detoxily
the surrounding soil.

(3) Metabolic adaptations are used to increasc the ! lne over
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ess, seems io be plausible for ccnirin plant types.
This retums us t|erefore to the tundamental prohlem of

mrintaining the.espiratnrn ofa large plant by the retention and
internal distribution of photosynthetically produccd oxygen.
Possible solutions, that mightbe implemented nr a genelically
engineered organism, are explored below in a scries of thought

4.1 The'Lung Plant'

The nosr straightforward way to oiygenate aMa$ plant would
be lo supply oxygen as a grs via an inielnal ventilatory nc1. It
has already been pointed out thai wedand plants espccially are
known to possessjust such a syslem ofar tubes (aerelchyna)
which facjlitate the diifusion of oxygen liom shool to root.
However. for most such plants the ultnnatc oxygen source is the
atmosphere; on Mffs, planls would hrle to have a higher
resist^nce 10 ri' diftirsion. preventing oxygen loss and hence
pennilring redistribution to othcr organs.

There are some examples oi planls on Eal1h ihat suggcsi that
such a scheme could be workable. The aquatic angrspcrm
Zanen rurina Gelrrass) has been noted to rely on its photo
synlhetic oxygen for .espiration. with the result that it erperi-
. n c e  r  d l r l )  J e r o h i o r ' :  , J  h \ p o \ i a  o r  : , o l i !

t361. Strbmerycd ce seedlings exhihit cxactly lhe same meia
bolic cycle l:171. The onset ofdarkness rcsrlts in a rapid fall in
loss of oxygcn from the roots, a cessrlion of root extersion and
an accumulalion of etlanol from glycolysis. When light is
.cstored, oxygen loss resumes rnd ethanol levels fall. The
cxplanarion seems to bethal theboundary layer resistancc ofthe
surrounding sater prevcDts oxyger diffusion outwrrds liom the
leaves during thc dry and hinders oxygcn entry at night. The
resulr is ihat, whcn the plant is illumnr.ttcd, photosynthetically
produccd oxygenpasses internrlly, via irerenchyma. to the roots
(at pO, > COP), pen itting lueslricred ierobic relpiration and
rc netabolization of femrcntalion products.

Ahhough aerenchyna facilitite internal difTusi(n, their per-
fbrmance as gas conduits i,ould be greatly nnproved by some
fbrl of internal pressure gradient and it is now becoming
apparent thrt snne phn$ can actively cjri:ulale their inlernal
gases. Small pore diameters to diffusion help to set up this
pressurc gradient by pernittiDg r phenomenon called rrcrnal
rran.?trd , (kno\rn in physi.s as nandre, d/rf"sior). wheD
pore/tube diameters are small (- 0.1 pm at I bat. such that a
gilen nolecule is likely to collide with the w{lls of thc lube
rather than with other niolecules. there willbe ancl flow ofgas
lionl ihe colder to drc wanner chamber If a retum flow is
possible via a larger diameler pipe. circulatun will continue
indefinitely (scc fig. 2).

Aldcr lrees a species that can endxre long periods of
flooding are thonght to exp loit thcrmal irnnspiration aspaftof
an aclive .tention process [38]. Brownpigments in the bark herl
up in sunlight to create a tenrperature gradient between thc inncr
tissues and suffounding air which are separated by a layer
studded with - 0. I Um diameter pores. A ir then nxlurally flows
inlo the tree setting up a Fesswe gradient that pumps gases
down ro the mis whcre it eventually escapes throxgh larger

Betler than this fbr the purposes herein is lhe 'Uuough flow"
system discovcred in somerhizomrlous lvetland plants such a-s
the yellow waler lily (,Va?rar fure,,, [39]. The pores rcspon
sible here lor rhe soltu pumpcd pressure gadient (up to 2 nrbar
above ambient press$e) appe.tr to be those surrouDding the
internal air cavities of young leaves between thc palisade and
spongy parenchymr tissues. So long as thepltDt is illuminated.
the ourlide air should be colder and gxs will continue io be

COLD

Fig.2 Thernnl tfdspifation. I I t{o chambc6 ai diftlrenl lempeiaturcs
dre connected b] subn,ictun slzed Porcs, then rheft wlll be ! net
diffusion of gas fionr the cold to lhe wlfncr chanber'l his phenoncnon
ls erploi€d by $ne planls to prcssurize and circllate gas through

p u m p e d a o u r  i n l u  h e  h r , , o . e  : i n . .  l h e p r e  c r r l . r : ' 1 . i  i P i
nates in the lcaves. then one mighl expect photoslnlhehc
oxygen to bc entrained ir the flow. Ma.dmum rates of 60 nrl of
air pef minute have been observed in water lilies. rhis being
r fe '  { . r  r  a l l }  .apJble u l  rcr" r  np h rge r l - r /n le.  Jp ro a merre i r l
length.In addition to supplying gas below ground, the p€ssu
ired flow ajds the rcmo!al ofvolatileproducls offbrmentatior,
such as CO.. acetaldehyde and cthanol vapour. These rre
flushed upw;ds, thougl the stem nd exit the piant via older
leaves which are more porous .tnd have a lower diilusive
resistrnce. The alcoholic smell this process $mctimes gener
{tes has lead to Naphdr lutedn being nicknxmed the "brandy

Wetland plants will not be appropdatc al most locales oD
Mars in the exfly stages of terrafomring and. unfbrtun.'1cl],
measuements of the compoiitioD of lacnnar ail in N,Prdr
lrr.a,l havc shown it to be almost ihe same as thc otrtside
r u n o . p h e r r  t q l . H o u e . e r  

' l  
I n r g l l  b e p o s s i q e r .  J r r g i n e e - J

more gencnc Mars plant by recreaiing its featurcs of a througlr-
fbw vcnliladon (atmosphcre + young leaves -t rhizome ) o1d
leavcs J atmosphere) rnd combining it wilh the sort of
pholosynthetic se lf<rxygenation seen in eelgrass- An influentirl
environnenial parameler ir this regrrd would be rhe high
atnospheric CO, conlent, probably ai a partial pressure hun
&eds of times grcater than on the Edh. Carbor dioxide would
thus tend to cnterleaves much more readily which .ould .tllow
a tuamatic rcduction in trans stomatal tanspiratjon. This wonld
be becruse open stomata rcpresent a conrp.omrsc between
maxinising carbon dhxide absorption and minimizing waler
los f401. With such an excess ofcol present well above the
nccds ofphotosynthesis the diffusive resistance of the leaves
of Mars plants could bc much greater Stomata could be fewer.
smaller. or closed inore often and surfxce to volume mtios ot
leaves could be less, as in succulent plants. whilst some
upwards movement of water would still be needed in ordcr 1(r
move nutrienls and lbr temperature control. much less water
need be hsl fion the plant in order simply to $rpply ils
chloroplasls wilh CO,. The watel,s! .aficl?'.1, (noles CO:
{bsorbed / moles water losl) of MaIs plants could be very high.
evcD relative to terestdal desert planti. This woxld be an
adva age. not j ust in coping with the prrched Martian env iron



ment, blit also in promoting rhe function ofrhe seh-pressuriz-
ing. oxygen-retaining, intemal ventilalion sysrem djscussed

Thus. by a Focess of analogy wirh narurulty occxrring
plants, ir is possible lo conceive of a Martian ptanr. thal ji
plausible in terms of sone aspecis ofplant physnnogy, which
would be adapted to a hypoxic envnonmert (and incidentally
sxnoundings that are also arid and rich in CO,). perhaps Seneric
engjneers might succeed in breeding aplanr combinjng featwes
'r1a wedand monocoi and a c.tctus. The epidernis olour..lung
planl" would bc covered with a thick culicle and mrrked by
small, infrcquenL s&nnata. Du.ing the day these woutd be
paniall),, or fuly ckrscd, permitiing the edry ofCOrjusi ar rhe
"a.e -eq,  i red b)  ph. . r ' , , )  r rh<.r \ .  o \ ) ren dr i I . i . , ' r  or  \d ,J ,  i ,
hindered and insiead thcmral rranspiration inllares the plant and
pumps gas via the vendlrtory net rhroughout irs tigure. The
cxcess oxygcn produced, cither escapes through lhc roots inro
thc soil. or via more pemeable leaves. After dark, the ptanr
respjres toran houror so on residuatoxygcn in rhe aercnchyma
and then switches to anaerobic r€spraiion. The unwanted
prodJr  r ,  u tJnrer^bi ,  r ,  are t lu . l -cJ oL, t  o t  t1e t l i  1 ,  r te  nc\ rU)
when Lhe \oLf f -puml led \ent i lJL i r 'n  resumes.

We might theref(re envisagc Mars ptants creaied by
teralormcrs breathing" in concerr with the daity cycle of their
ncw pmnerary nome.

4-2 The,Blood Plant,

Food is transportcd from i$ sile of manuhclure inihe lerves to
non-photosynthelic pa(s of a pllnt as dissotvcd sugars via the
phloen system. This r{ises the question as ro wherher oxygen
couldbetnnsporred in lhc phloem as wcU.To adequxtely exporl
rhe capacity ofaerobic respiration, six molecutes of Or would
have to be transhcated for eve.y moleculc ofglucose_This does
nol seem innercntly impossiblc: venebale btood is a ituid rhai
does iust this. caryinS both fucl and oxidiscr As wiih btood
however. simply dissdving oxygcn rvirhin thc phloem sap of
MaIs phnts would be inadequare; a caffier rnolecule, such as
haemoglobin. capablc of binding oxygen and greatty increasjng
its concenlr.ttion would be needed.

It so happcns that planls can make such a molecute, known
as leshaemoslobin. and t}Le genes for irs strnthesis arc thought
to bc widespread [41] ln nost plants, ir is probabty of minor
phlsnrlogical sisnificarce, mcrely acting as a signat rnotecute
indicating oxygen deficit. Howcver, in ptants that halc roor
nodules conta in ing symbio i ic  n i t rogen f ix ing bacrer ia.
le-lhaemoglobin plays and imponant and delic.tte rote 1421.
Nitrogen fixation is inhibitedby oxygen dnd yeris dependent o.
an adeqnalc supply oI ATP ftom rerobic respirxtjon. This
poblenl is rcso lved in rool nodules by thcn having lrn anaerobic
corc due to diffusive resisr.tnce. wirh rhc internal suppty of
oxygen (and hence rhe prodxction ofATP) being facililated and
regulated by leghaemoglobin. Essentially, teghaenoglobin a!
lows diifusion ofoxygen in an envi.onmenr of very low mean
O" pressure. Since lcghaenoglobin is a simitarmotecule ro the
haemogkrbjr in ve.tebrate blood. root nodules often appcr.
pinh in colour.

In this nodularconiext. the aralogy bctween leghacmoglobin
and dnimal haenoglobin is only appropriare on thc cel1ular
scale. Nevetheless. one is rempred b spec1rtar over the
tblbwing qxestioni What if lear,6 toutd be i (luced to ,anu-
Jacture larye .tLantities af leshaenogLobin? Orc can pcthaps
plax si bly imaginc leghaemoglobin binding ro ox) scn wnere me
concenlrrtion is high, being cnrried alongsidc susds D rne
phloen sap, atrd relcasing their oxygen elsewhere where rhe
local concentration is lowef. The phloen sap therefo.e would be

behaving like blood, enabling Mafs plants to effrcientty rerain
and redistribute their oxygen. If deoxygenated teghaemoglobin
cm somehow bc moved liom the phloem ro the xylem and
tirtlspofed back to the leaves. then the efflciency of the sysrem
would be much improved. Howeler since the ptant vascutar
system is not a simple circuiatory one rs iD animals, achieving
ihis may be problemalic.

The xylem of plants mighi conbar rhc hypoxia problem in
another way. by tanspofling dissoh'ed elhanol to the lcrves.
Anaerobic rcspiration is only cnergeticall) wLsteful ifethanot.
the end product of glycolysis, is loir. il it is instead ransportcd
1() tissues wilh bcfter aerarion and metabolized there then the
encrgy loss is minimised 1431. Again, this is a feature aheady
observed in tencstrial plants and ethanol can frequently be
dLrerreJ rnng t1 louHh the run{ .  uf  f , {en ! re.

Thus, as an altemarive ro the intemal venrilarion of Mars
plants. one can propose leghaemoglobin in the phtocm as a
solulion 1() the problenr of oxygen redistdbution and xytem
lmnsport as r way to removc and remerabolize ethanol. One

nusing leaturc of such MartixD "blood planls" woutd be ihaL
their vasculir bundles, and ma)rbc even their inrcrstir.ial rissues
would be colourcd pink. sonewhrt resembling the "rcd weed'.
in H. G. Weils s "War of the Worlds". A tenafonned Mars mighr
not bc $ green afier xll.

4.3 The 'Windo\y Plant'

A substitute lo transporting photosynrhetic oxygen ro xndcr
gromd organs would be to guide the lighr thcre and hence
generate oxygen i, rirL Again, sonre species are known ro do
this. Succulent plants of the genera lirrrps and F/irl,a have
fleshy leaves that are so lrxnslucent that rhcy act as oprical fibres
1441. Only the blunt tips ofthe leaves protrude above fte g.ound
(see flg. 3) whe.e they collect light and conduct hro pholosyn
thetic cells in the cool and relatively moist mic.oclimate at rhc

Succulent plan|s oe adapted to lrtush. dry. ctinates and their
iow suface to volume ratio promotes warer relcntion, bur
reduccs the capaciry 10 absorb carbon dioxide.This latter aspecr
is a disadvantage on Eaflh, but would be the opposiie on Mars.
So perhaps we might imagine succulenK being the basis of
engineered Madian "window planrs': translucent plan1s of
sjlnple. rounded. shape and capable of photosynthesis and
oxygen producrion throughoxt most of their bur^.

. : i ' . . " . . i1 "  tu ,  |  . " .c* ' - . - . - . ,
"  J  -^ .LeavesJ.  . ,  ;  4 . ,  . :  : . " { " . ' . . . : . . -
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i :"""- \gd*sr{:.si :::;.i,:t*arx*::'{
..; photosynthesis. ; 
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i**x-si*q"*rdgs&x*3x**gi;
Fig. 3 l./nllra. the Srolc Platrt. A deserl succulenr thdr tivcs buried.
sale ibr the lips ofiG nesly le.res. These lclves ue ranstuccnr ard
conducl liShi io dcep seated lhotosy hetic li\sues.
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4-1 Conclusions

Until .ecently. the likely deafh of oxygeD has beer an undef
appreciated diificulty implicit in suggcstions fiat Ma|s 'night
be fapidly temiormed to a state hrbil.rble fbr both microorgaD
isms and planls- Whilst micrcbial prcneers are Likely to avail
abletu)nr present lellestrial ltock, this seems improbablc in the
casc of higher plads. Howcvcr, the creative scolnrg of the
prcblem here iluminates it wifi a tresh ray of hopc.

The three thoright expcriments presented suggcsl that there
may be ways to modify plants and adapt thcm lo withstand a
condition of l]erma.cnl arnbient Iypoxia. The ptants "invented
by no means cxhaust possible physiological approaches to
tacki ing the problcin. SolDe oftheproposed sraiegies might be
combined Lo thcir advantage. such as an internal ventilatdy ncL
and oxlgen conducting phloem in the same organismi '.window

plaDts" howeverwouldhave to be kept f?ee of intemal air spaces
aDd pigmenred tluids in ofdcr lo preserve thejr lmnslucencv.

Designing a Marti{n flo'a is ar extrcmely spcculahve exer-
cise as $e do not ycl have a complete knowledge of plant
physiologyt we cannot predict the caprbililies of genetlc engi
neering to effect suitrble rnd viable alterrlionsilrnd have very
little expe.imeDtal data on the sunivrl of plants in relevant
conditions. Such su ival ex['e nrcnls on a wide range of
existnrg plirnts are an obvn)us necessity before the nccd to
|Je : , lc  r fe  nore d drcul  rh. l  o l  engrBeef in!  rP{  . fF( ie . .

Onc experinent peformed in a simulated Ma.lian rlmosphere,
.ts ilwas thought to be iD 1962 (almostpureN' wilh 1.39'/oAr,
0.2.19" CO, and 0.09E O,), demonsirated i low growlh ofsecal€
.s/edlc (winter rye) sccdlings and. afte.2l days, emergence of
ihe shoots bur no primffy leaves [:15]. A nore recent set of 7 day
experiments f46l tested the germination of wheat (h'tt.!,?
aestbun) i1 t:\ more realistic simul.tted Mafian atmosphcre

"IABLE3: Plant Features Ptunotion SurviNdl in Lo|| O\:en

. Snnll sizc (less rendency to form anaerobic corc). {l

. Smal I surfrce/volune ratio (facililates selt-oxygenation).

1I
. Shalow Roois (pO, decreases with soil depth).

. Slow Srowth (less Dced fbr ATP)

. High intemal porosity (lowers COP: cells clorer to g.rs
phase)l

. Internrl vcnlilation(lacilitatcssell:oxygenation and
rcmo!.rl of volattle bxjns)

.  l ) i f fus ive ly  res is tant  epidcrmis ( fac i l i tares sel f
oxygcnatron)

. Nitmte rcspirrlion onore AIP th{n fermenlationF

. Oxyger transLocrtion in phloem (facilitalcs self-
oxygenation)!

. E$mol translocation to lcaves (rectifies energy dcficil
of fermentation)

. Transhrccnt tissues (allows deeper photosynthelit $

. Starch seeds (gcrminare at low pO,)

. Pollinltion by wind, waler or se1t (no aninrals present)

(SMA = 2.717.  N. .  0 .13% O.,  0.077o CO. 1.61q.  tu ,216 pp]m
H.O. thc balance 6eing Co,ial pessures of 10, 101 and t0l3
mba. In all *Lree cascs, no seeds were found to germirate. In
SMA at l0 mbar. wiLh addedincfemenls oi oxygen, germ'nrl'on
only occuffed whcn supplemented with a por of 33 mbar.
Deriled evaluation ofwhed germin,tlion in L0 nbaf SMA plus
50 mbar Or showed growih. but at a slower rate than thc contol
grown in xn atrnosphere of laboralory pressure {nd composl-
tion.This lesserpedbrmance was shown to be aconbined efiect
of low pO,.tnd high pCO., bothofwhich serve to rcdnce fte rate

More such exFrimcnts, especially thosc that maintain se!
eral generatiflr! of plan$ under pr)posed Martian condLtuns,
are needed alongsidc deliberate researcb Lo identify terrestrial
flora that come cl$est to beirg suitable tor ecopoiesis How-
ever, until such a progam of study receives lunded brcking, it
must sufficc to scow the botanical literalure fof the mosi
relevart anak)gies. This at lerst allows us to list r number of
existing fcarures of plant phlsiologf that would promote sur
vilal in a hypoxic environment (see Table 3). It remains to be
sccn how easyitwillbc to integate such fcatures wid na!iablc
Maiian plani.

5. SUMMARY

The salient points raised in this paper are sunmarizcd below

( I ) The r5owth of h ighcr plants on MaN. as carly as possible
in the iefrafornring process. is desnable tbr ecologic{|.
c .ono orc r rJ :n J l 'e . rc 'eso r . .  .  { f l l  : r  ro nr !s ' r '8
lhe oxygenation of the almosphcrc.

(2) A pioncering Madian plant \vill need io be adapled to
nNltiple adverse environmental factors. such !s cold.
drought, increased LIV flux, low pressurc, ligh pCO.
.rnd lowpO,.The la(er thee would pervade every niche
on the planet.

(3 ) lf higher ilaDi photosynthesis is to be used to oxygenate
M ars, thcn pioneer species mu st be tolerant of co.dilions
ofscvcre hypoxia. or aDoxia, pertaining over their endre
lifc cycles. No known plants f1t tlis descriplion and so
Martinn plants will hrve lo be modified from tenestrial
stock on grounds of oxygen supply.

(4) The root sysrms of plants are mosl intolerad of ambicnt
oxygen dclicil dueiotheir high metabolic rates, continual
growth. conpetilion with soil microbiota. and distrnce
frcnr the amosphere rDd organs of photosynlhesis.
Successfully growing the geat majoriiy of tenestrial
plants on Mars willprobably €quire rn ambient pO: of

lu-  l00n ban". . , r : .  )  r l 'edei  : 'nJ.nr  'oorre.prr ' r , r l

! \ l  S  n c e  ; - . ' r  r r  "  p  J n ' .  p r " J ,  . .  n o r e  o \ J g e n  ' i r

photosynthcsis than they consume in respiration. it is
possjble 1o conceive of a planl lhat. by retaining and
redist buLing self-made oxlgen, is unafiected by low
ambient pO,.

(6) Itis possible to phusibly considef several physiological
slralegies that mighl pemii plants to g.o$' on a h]?ox ic
or anoxic Mars.The realismof implencnting lhesein.n
engineered orgrnism however cannot be assessed at
present. but appears promising due to the rnngc of
adaptatiors 1(r lemporary oxygen deficit observed in
tereslri plants.

NDt t: S.rt. fedhr?! onlti.t |c.ts. ll ). dt? nuhxttb 4.t^ir. I e.3. I ), ot htro



(1) Such strategics inchde sctf oxygenauo!. rnrc.nar
ventilation, oxygcn tfanslocation. night rjme anaerobic
respnation. eihanol re-melabolizarion. deep dssue
photoslDthesis. and the producrtun of seeds capabte of
genilinxting under low po..

(8) The cuncrt botanical lire.arure can only be parialy
.tpplicabie bthequesrions ofplanls designed tb.tife or
Mars.ln order to be answered. these quesrions must be
lackled d i rcct ly  wi rh re levanl
expc.inenrarion.

In the strict $ense of thc word. tetafornins ;mplies rhe
nodification of an alien planerary environmenl lo suir ir tor
tenesh ial Life. Yer wheo life itselfis io be used as thc ptanetary
engnccring tool, the issue ariscs of modjtying life to suir thar

environnent. This is akin to .t concept known as pantbpt.
s h c r e r ' r e e t u o t a . i , - - . , o n b r u t ^ t s i . a t . 1 1 , h f l  . , d  e  q r o n m (  |
tal pl,tsticiq'. ln ordcr to make Mars an aerobic world, we need
anaerobic-plants and a nrerging of lenafoming and pantropy
rnrc a unrfled process.
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