
Univ
ers

ity
 of

Cap
e Tow

n
The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Univ
ers

ity
 of

Cap
e Tow

n

, I 

in 



Univ
ers

ity
 of

Cap
e Tow

n
own. I 

as 

ii 



Univ
ers

ity
 of

Cap
e Tow

n
measure N sources VCIODI'B was 

N 

were 

1 across 12 

a more 

iii 



Univ
ers

ity
 of

Cap
e Tow

n

can 

a 

were as~se~;seia 

on 

was 

a 

nov 

were 

a 

were 

was N 

5 



Univ
ers

ity
 of

Cap
e Tow

n

were 

were more 

a 

over 

8 

are 

8 rmZQlJI81 

is 

N 

N 

an 

N 

v 



Univ
ers

ity
 of

Cap
e Tow

n

I came across a a 

a 

serves 

mass SDl9cl:roln 

it is 

a 

come a 

some 

are some 

was 

as as 



Univ
ers

ity
 of

Cap
e Tow

n

were 

areas 

use 

vi 



Univ
ers

ity
 of

Cap
e Tow

n

vii 

... ' 



Univ
ers

ity
 of

Cap
e Tow

n

a 

resources 

were 

was 

was 

ix 



Univ
ers

ity
 of

Cap
e Tow

n

mom 

were mom 

mom I never me. 

x 



Univ
ers

ity
 of

Cap
e Tow

n
1.1 

1.1.1 

1.1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

................................................................................................ ii 

..................................................................................................... iii 

I"nnlt£:>ntc::: ....................................................................................... xi 

rDV"D\JIl ......................... 1 

............................................................................ 2 

.......................................................................... 3 

............................................................... 4 

.................................................... 7 

SSeSSfTlent ...................................................................... 8 

.................................................................................. 9 

.......................................................... 10 

...... ""l"h ... 1'11 ............................................. 10 

........................................................ 12 

................................................... 14 

............................................................................... 14 

.................................................................................... 15 

................................................... 16 

"'1" .. " ....... '" ................................................ 17 

......................................................................... 18 

...................................... 19 

................................................................................... 19 

.......................................................................................... 21 

use 



Univ
ers

ity
 of

Cap
e Tow

n

1 

1 

1 

N 

'£.,V,",,', ................................................................................. . 

or 

N ................................................................................... . 

N ............................................................................ . 



Univ
ers

ity
 of

Cap
e Tow

n

aSSOCI.!:UlOlns .......................................................... . 

1 

on Domso 

N .................... .. 

"""" .... ,,"" ........ * ~ .. ~ * .. * .. II II .. II ...... " .................. II .. II .... ., .. II .. II .. II .. II .................... e ............ II .. II ~ .... " ...... " .. " ~ .. ~ .. ., .. a .... " .. ., ..... ~ ........ ~ .. .. 

................................................................ 61 

N 



Univ
ers

ity
 of

Cap
e Tow

n

1 on 

"'@~~".~""~"""""~"@*.~"~"S"."""""""~~"""'" •• """".""""""""" .... 8* ................................. "" .. " .. ~ ......... . 

;VCifOD"a .................................................................................................. . 

.......................................................................................... 1 

.................................................................................................................. 1 

1 .......................................................................................... 1 

........................................................................................ 1 

..................................................................................... 1 

.................................... 110 

as 

.............................................................................................................. 1 

......................................................... 111 



Univ
ers

ity
 of

Cap
e Tow

n

1 .................................................... 111 

...:'t .. ,,, ... ,,,, .................................................................................. 111 

OVT' .. "" .... lf1n ......................................................................... 113 

1 .................................. 114 

....................................................................... 115 

1 ... 116 

....................................................... 116 

................................................................... 116 

................................................................................................ 118 

" .... V~IICl1 ...................................... 118 

....................................................................... 118 

1 ..................................... 119 

............................................................................. 119 

............................................ 1 

......................................... 1 

......................................................... 1 

....................................................... 1 

................................................................... 1 

........................................................................................... 1 

.......................................................................................... 1 

........................................................................................ 1 

' .......... "0 ",,'t' .. "".F''''' ........................................................................... 1 

................................................................. ; ............... 1 

................................................................................ 1 

........................................................................ 1 

................................................................................................ 1 

........................................................................................... 1 

xv 



Univ
ers

ity
 of

Cap
e Tow

n

.................................................................. 1 

'-'\.A ............... , .......................................................................................... 1 

.......................................................................... 1 

...................................................... 1 

.................................................................................. 1 

....................................................................................... 1 

................................................................................ 1 

~Tln"!:It~lo~ ..................... 1 

................................................................................................ 1 

....................................................................... 1 

.................................................................................. 1 

....................................................................................... 1 

............................................................ 1 

.., .... U';)<i:I'V' ........................................................................................... 1 

......................................................................................... 1 

IUUlJU .... LlIV ........................................................................................... 1 

1 

1 

1.1 

........................................................................ 1 

rnc"rnn"", ~" .... 10 .................................................................. 8 ~ '" .. ",. .. 8 .. 8 .. 8. ~ .. 1 

................................................................ 1 

.................................................................. 1 

......................................................................... 1 

.............................................................. 1 

.................... 1 

............................................................... 1 

.............................................................. 1 

................................................................................................ 1 

....... 01'1'\" ........................................................... 1 

................................................................ 1 



Univ
ers

ity
 of

Cap
e Tow

n

................................ 1 

...................................................................... 1 

............................................................ 1 

...... u,"''''' ................................................... 1 

,.,.1-"" ....... .,. ............................................................... 1 

............................................... 1 

.............................................................. 1 

InU'OOIJctIOI .......................................................................................... 1 

....................................................................... 1 

versus 

................................................................... 1 

......................................................... 1 

...................... 1 

..................... 1 

................................................................................ 1 

versus 

........................................................................................... 1 



Univ
ers

ity
 of

Cap
e Tow

n

...................... 5 



Univ
ers

ity
 of

Cap
e Tow

n

1 

1 

In an 

can 

are 

& 

are 

is 

in 

a 

sources 

1 



Univ
ers

ity
 of

Cap
e Tow

n

1 

1.1 

1 

N 

1 

use. 

1 1 

N 

are 

are 

consumes 1 

use. 

no use 

are is 

access N 



Univ
ers

ity
 of

Cap
e Tow

n

a 

is is 

& 1 

a mOleCUIal 

1 or 

is 

a 

are 

a 

an 



Univ
ers

ity
 of

Cap
e Tow

n

was soon 

(1 

1 

a 

were 

1 

can 

1 

1 

It 

& 1 



Univ
ers

ity
 of

Cap
e Tow

n

& 

1.1. 

Azorhizobium 

caulinodans ,. 

"::: 

x= 

2 

3 

1 

elkanii 

validated. 

are 

chacoense 
ciceri 
huakuii .. 
mediterraneum 

on 

Rhizobium 

etli 

hainanense 
huautlense 

.. 

were 

Sinorhizobium 

american us x 

fredii " 

kummerowiae 

meliloti 
morelense 
sahel; 



Univ
ers

ity
 of

Cap
e Tow

nBlastobactar rlG>"if,.;'fir ..... 

Davosia ,.,,,,,,.'FI".,,, .. ,,,, 

vlOjOac:tan'um nodulans '" 

Ralstonia taiwanensis 

.. ::: Genus not validated the 

Reference 

van Berkum and 

Vandamme et al. 

Moulin at al. 

Rivas et al. 

at al. ). 

at al. 

on 

). 

); Vandamme et al. ( 

); et al. 

or 

& 

is a 



Univ
ers

ity
 of

Cap
e Tow

n

a more 112 

as & 

are 

1 

1 

a 

can 

N over 



Univ
ers

ity
 of

Cap
e Tow

n

• 

is 

are 

were 

were 

• 1 

N 

1 

are loc:atEIO 

as 

across 

1 & 1 

a 
rno,tnrlrl is 

6m 

measures are 

or is 



Univ
ers

ity
 of

Cap
e Tow

n

a non-

is 

are as~;oCllatEICI 

N a 

N or if it is 

it 

as is 



Univ
ers

ity
 of

Cap
e Tow

n

N use 

is a is 

a 1 

\I~r''''!:lIr10 over N it 

is an in"";~!:In;~!:I 

as a 

is 

N sources. is 

& 1 



Univ
ers

ity
 of

Cap
e Tow

n

no 

). 

ex[')re:SSf!(] as 

= ---------------------------------- X 1 

an 

). 

N 

N 

N 

1 

1 

a 

a 

& 

a 



Univ
ers

ity
 of

Cap
e Tow

n

are 

& 

as 

N sources . 

.. "'''"''C a 

a 

measure 

1 

errors as~~ocllatE!a 

). 

1 

2 

is ex,>ectea 

a 



Univ
ers

ity
 of

Cap
e Tow

n

& 

strc~te!:lie:s. an 

cause a 

1 

an 

an 

N 

some 

1 & 1 a 

1-, 

as a source or as 



Univ
ers

ity
 of

Cap
e Tow

n

, 1 1 & 1 

1 

1 

ownN 

N accrues 

on sel,ectlo 

n .............. "' ...... "'are 

IV"' ....... " ..... on 

1 & 1 



Univ
ers

ity
 of

Cap
e Tow

n

1 

1 

& 

occurs 

are reasons 

& 1 

1 }. 

a 

success 

new 

& 

or 

in 

use 



Univ
ers

ity
 of

Cap
e Tow

n

use 

awareness 

1 

1 

a 

are 

can 

& 

& 

is 



Univ
ers

ity
 of

Cap
e Tow

n

is a use 

1 

success an 1 

1 ). 

success a 

or N are 

1 

even some 

1 

nnlNl=!1i1l=!r concern over 

is 



Univ
ers

ity
 of

Cap
e Tow

n

1 van , 1 1 

N ............... ,'t,'" 

N or 

& 

no 



Univ
ers

ity
 of

Cap
e Tow

n

use Preserves a 

success as a means 

1 

is 

summers ""IU~rn!:&TI 

a 

are \/iClj"iClt·!:&tjC~rI a 

1 more 



Univ
ers

ity
 of

Cap
e Tow

n

is & 

access N sou rces 

more 

more 

across 

p 



Univ
ers

ity
 of

Cap
e Tow

n

same 

N 

a 

1913 

non-

In 

a more 

a 



Univ
ers

ity
 of

Cap
e Tow

n

as 

use 

on 

area 

It is ac(::ented 

more 

more 

IIJUII..I\"C:U use 

as 

N 

non-

1 



Univ
ers

ity
 of

Cap
e Tow

n

a a N 

is l!:IIrrlQIH 

a 

even more 

1 

,a 

). 



Univ
ers

ity
 of

Cap
e Tow

n

12 

as 

as 

& 

on 



Univ
ers

ity
 of

Cap
e Tow

n

were establ on a 

are an i ..... u"\nl"t'!:l 

commu 

1 a 

a 

a 

in 

ever 

...,"' ...... "''''' oal;ea on 

are 

name 

a 



Univ
ers

ity
 of

Cap
e Tow

n

new cQ[mlc:e are 

... "..,1tl"l ......... is 

p 

.ff .. ·,...,.,. or 

is 

., ....... I..,'CII in 

as 



Univ
ers

ity
 of

Cap
e Tow

n

are 

is 

a Isounea 9 rhi2:obiaI 

a 

was an 

as an 

over 

1 

N 

was 

was 

................ T.V"' ..... N sources so 

a a a 



Univ
ers

ity
 of

Cap
e Tow

n
assess 

a 

In 

In 

are 

N 

..................... were 

B 

were 

4 



Univ
ers

ity
 of

Cap
e Tow

n

was 

were 

an 

is 

success as 

was a 

on 

In 3 

were 

success. 



Univ
ers

ity
 of

Cap
e Tow

n

was an 

as a is 

use as as 



Univ
ers

ity
 of

Cap
e Tow

n
is as 

9 

9 

1 9 

1 9 

9 

1 

was 

2 

is 

nO'l',nro use. 

or 

1 

15 was 

in a 

was 



Univ
ers

ity
 of

Cap
e Tow

n

a 

1 

was 

were 

was 

9 

9 

9 

1 9 

1 9 

1 

v ..... ' .... QL'VU over a 

were 

as 

3 ............. ", ....... 

9 1 

or 

a 

9 

a 

was 



Univ
ers

ity
 of

Cap
e Tow

n

a a 

room 

was 

a 

a 

was 

was re[)eated 

1 

were 1 mm was 



Univ
ers

ity
 of

Cap
e Tow

n
was 

a 

10 

was 



Univ
ers

ity
 of

Cap
e Tow

n

were 

were 

~el3!(]S were 

as 

cv 1 

seE~as were were 

1 

as 

is 1. 



Univ
ers

ity
 of

Cap
e Tow

n

Molecular wt. Stock soln. 

(1 246.48 246.48 1.07 0.53 

110.99 110.99 1.07 0.53 

174.27 87.14 1.07 0.53 

136.09 68.05 0.54 0.27 

174.18 87.09 0.54 0.27 

(138 Fe 18.70 2.13 1.07 

Micronutrients 

197.91 0.72 0.54 0.27 

136.28 0.11 0.54 0.27 

170.48 0.07 0.54 0.27 

241.05 0.03 0.54 0.27 

237.95 0.06 0.54 0.27 
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Site Nearest Co- Mean annual Altitude yrs before Site name 
label Town ordinates rainfall Soli 

W1 Garcia's Pass Riversdale 3321 CC 449.9 560 C. subtemata Mountain riverine No 

W2 Pass 3322 CD 726.1 780 C. subtemata Mountain 10yrs 

W3 Prince Alfred Pass 3323 CC 110.7 540 C. subtemata Mountain riverine No 

W4 3318 CB 586.3 60 C. 1yr 

W5 Town 3418AB 1070.2 620 C. Mountain No 

W6 3418 BD 1537.9 400 C. Mountain 3yrs 

W7 Ladismith 3320 DA 359.0 1150 C. intennedia Mountain No 

W8 Pass Outshoom 3322AC 236.4 1420 C. intennedia Mountain No 

W9 Prince Alfred Pass 3323 CC 110.7 550 C. intermedia Mountain No 

W10 Paarl Mountain Paarl 3318 DB 770.7 600 C. maculata Mountain 8yrs 

W11 Jonkershoek Stellenbosch 3318 DD 1040.7 550 C. Mountain riverine No 

W12 Grootvadersbosch 3320 DD 422.4 1000 C. sessiliflora Mountain seep No 

W13 3420 BB 417.1 340 C. Mountain No 

W14 Pella Mamre 3318 DA 382.3 180 None No 

* of Africa Institute for and climate up to 1999. 
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Site Nearest Co-
Mean 

Altitude 
Site name annual 

label Town ordinates rainfall .. 

P1 3419 BA 519.8 220 

Du Toits Kloof Paarl 3319 CA 1028.3 650 

P3 Robertson Robertson 3319 DD 279.9 420 

P4 Waboomskraal 3322 CD 726.1 600 

P5 Rein's Farms Gouritsmond 3421 BC 442.7 20 

P6 Beach 34 19 DA 403.9 20 

Research Council of South Africa Institute for 

in 

C. subtemata 
C. 
C. maculata 
C. sessi/iflora 

C. subtemata 
C. 
C. maculata 

C. subtemata 
C. 
C. intermedia 
C. sessiliflora 

C. subtemata 
C. 
C. 
C.sessiliflora 

C. 

C. (Jenlsto/'des 

Climate and climate 
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Acacia meamsii. 
for 

Fertilized with P. 
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veQlefation cleared. 
left unfertilized. 

up to 1999. 
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Site N P K 0/. Sand % Silt 0/. 
matter 

W1 1.05 5.5 109.3 4.2 13.2 82 9 9 

W2 0.18 7.6 3.3 14.3 82 12 6 

3.1 13.4 76 20 4 

W4 0.04 3.4 1 4.8 2.1 1 4 

0.11 49.5 3.9 13.7 98 1 1 

0.14 8.3 3.8 14.8 94 5 1 

0.08 4.3 22.0 4.4 4.8 89 5 6 

W8 5.4 45.5 4.3 3.5 83 11 6 

W9 2 56.3 4.0 15.0 22 12 

0.12 8.3 48.2 4.7 10.2 83 14 3 

W11 0.14 7.5 73.0 4.1 8.5 82 10 8 

W12 1.11 10.3 146.3 2.9 8.7 80 18 2 

W13 2.6 201.7 4.4 11.6 20 20 

W14 0.04 1.7 56.8 4.5 6.0 4 

P1 1.8 17.1 4.3 2.4 81 15 4 

P2 0.18 34.2 4.2 10.1 85 4 11 

P3 0.19 28.5 103.4 4.2 8.3 22 15 

P4 7.3 25.3 4.4 8.0 15 19 

P5 11.6 66.0 4.4 2.5 96 1 4 

P6 0.05 1.3 30.0 4.7 3.6 95 1 5 

is ex[)ectea 

on a 
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_______________ --'Cc',"~p,kc'"''_"'"clcction 01 Rele<eClCe Plant' ii' 

The ,\"N of soil shows positive values at each site, with little variability within iI 

site. Across sites. mean soil 6" N values range from 0.85 _ 5 100/" for the 

LJndisturbeC wild sites and 4.73 - 584"*,, for the plantation sites. Where present, 

the mean i\";N values of the ERM and AM groups at each site were lower than 

the lIalue tor soil N, with the AM gr·Jup sllowing ",ore variability both within and 

across si~es than the ERM grolJP_ The i\';N vallJes of the NM reference plants • 

were variable in relation to soil o15N. The ~"N values at 7 sites were lower than 

that of soil N (sites W1, W2, W3, W8, W9, W13 and P2), while at 4 sites the 

values were identical to the soil o'"N lIalues (W5, W?, W10 and W11). 

The foliar ~'~N values of the shrubs samplee from site W14 (Pella) and the ,i'N 

value of soil from that site are sIxlwn in Figure 3.4. The shrubs have been 

divided into mycorrhizal functional groups as above. The ,,'<N values of the AM 

and NM functional groups. as well as the soil N. are significantly different from 

each other and rankee as follows: Nv\ "" NI\·l "" soil N (FI2.22) " 96.4. P "" 0.01. 

one-way ANOVA followed by Tukey HSD for unequal n) As there was only l)Ile 

EriCfl species identified at Pella, the ERM group was not included in Ille 

analysis. 

w -_. __ .,-- -------------. ------------- --- ------- -- --- ------ ---------"'- .. .. -. , 
6 

, , , 0 , 
~ 

, " -, > c 

f 
,,_. 

z ., " 
, .• 

" ~ 0 -, 
·6 " • " ·6 
W 

." NM AM ERM Soil N 

Figure 3,4, Foliar o·'N values (%0) of IXln-rixing pllmt species sflmp'ed Irom sit" \1'.114 
(P"'!>J) groUiled flcc()rrlillg to ther mycon hizal st<ltus (CIS in Figure 3_3 ~bove). together 
will, th" ,,"'N vfllue of soil N for the site. Data are means and vertical b~rs repreccoent 
data r~rges, Dissimilflr '"Uers imjicflt" sgllilicllnt diffe,-.,nces bet""" .. , v>JILJ"s (F(2," :' = 
964. P < 0.01. one-w<ly ANOVA followed by Tukey IISD test ~or une<:rJal n) n" The 
r,umber of svecies ~amp"'rl (i" tripli cflt,,) (Y ,. umber 01 soil s>Jmples 
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Much of the AM mycorrhizal group variability in foliar S'''N values across the wiki 

sites can be explained by N availability at the sites. A significant positive 

correlatiorl was found across sites between the mean foliar i\' ~N values of AM 

reference plants and mean foliar percent N, a rough estimate of N availability at 

the site (r = 0.79, n = 14, P < 0.01, Pearson's product-moment correlation co­

effICient, Zar (1984))_ 

, 
0 

• • , z 
" 
" 

0 
c • 
0 "' " ". 

• 
• 

0 ,. 
Foliar % N 

Figure 3.5. Relationship between mean foliar AM reference plant Ii " N values and 
mean percent foliar N (estimate of soil N availability) across wild sites (r" 0,79, n" 14, 
P < 0.01, Pearson's product-moment oorrelation co-efficient). Error bars represent SE 

The mean foliar ij'~N values of the NM group were negatively correlated with the 

percent day content of the soil across sites (r '" -0.76, n '" 13, P < 0,05), A 

stronger positive correlation existed between the difference (i"N .oiI- 61"N NM (i,e. 

the depletion in NM (i15N value from the soil N value) and the day content of the 

soil (r = 0,91, n = 11, P < 0.01, Figure 3,6). This means that as the soil becomes 

more day, the foliar 615N values of the NM group become depleted in 1~ (i.e, 

show more negative i\1 ~N values) 
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"r---------------------------------------, 
) "t------------------------------" 
~z l0t---------------------------CC~.C·-·-·----- -

" c , '1----------.. -----1 i 61-________________ <C"-C-~"_ ______________ __ 
~ 4 -0-----

0
- _.[J[j_ ..... . 

---

m 2 [J- .. ' 
(-0.91.n-ll, P <0.01 

~ 

~ 0 t-~!-------------------1 
, '----------------------' 

% Clay cOIltent of soil 

Figure 3.6. Relationship between the difference Ii" N "'" - ii"N ...... (i.e. depietiOll of 
NM grollp frDlTl bllik soil N) and the percent clay cOlltenl of soils aGross sites (r = 
0.91, n" 11, P < 0.01, Pearson's prodllct-motneIll correlation co-efficient). 

3.3.2.11i1IN with soil depth 

There were no sigrlificant changes irl the foliar .s15N vailles of the small-seeded 

grass Erharta /ongifolia grown ill so~ collected from different depths at sites WI 0 

and P2, jllst as soil.s15N values were unaffected by soil depth for the same sites 

(Figure 3.7). For site PI, however. the mean .s'~ value of E. /ongifolia grown on 

90 - 120 em soil was significarltly lower than that grown on soil collected from 0 

- 30 em (F(J, 16) = 6.37. P -< 0.05, Of1e-way ANOVA followed by Tllkey HSD test). 

The 615N value of soil was not measllrable for this site, as soil total N was only 

0.06 ± 0.01% (mean ± SE, Table 3.3). 
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Figure 3.7. ",oN values {%oj of E. iollgifolia grass grown in soils collected from different 
depths at sites W10 (A), P1 (8) ard P2 (C) (n" 5) and ,," N values of solt from sites 
W10 and P2 (n" 5, assayed in triplicate). Values are mean ± SE. Different letters 
indicate significant differences (F(3, '"I " 6,37, P < 0,05, one-way ANOVA fGlowed by 
Tukey HSD test), 

3.3.2.2 Extraction of plant-available inorganic soil N and determination of (i'5N 

The distillation procedure recovered an average of 102.7 ± 1,0% and 87,6 ± 

6.8% (mean ± SE. n " 8) of NH/ and NO£ respectively from the stardard 

solution. with blank samples showing no contamination between samples, The 

high recovery of NH~ + suggests that there was some recovery of NO]- in the 

NH/ sample. The ii 1GN values of N recovered from the standard solution are 

shown in Figure 3,8, together with the values of the original (NH4kSO. ard 

KN0 3 chemicals used to prepare the solution, Fractionation of NH: during the 

distillation and drying-down procedure was about 2'%.., while fractionation of NO£ 

was double that value. White these fractionation values are relatively high. they 
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were consistent across samples_ The distilled starldards produced Ci'~N values 

of 1.4 ± 0.3%0 and 1.7 ± 0.6%0 (mean ± SE}for NH/ and NO~' respectively. 

, 
, 
, 
• 

• 
, 

~ 

-EEl 
~ , 

Figure 3.S. Isotopic fractionatioo during distillation and drying down of NH: and 
NO,- from a standard solution_ The o" N values of the (NH,),SO. and KNO, crystals 
used to prepare the standard solution are shown together With the values of these N 
sources recovered by distillation. Values are mean ~''N.I: SE. n '" 8. 

Isotopic analysis of soil-exlracted inorganic N did not produce reliable 6' ~N 

values. as the quantity of N irl the samples was too low for analysis. The 

Finnigan MAT252 mass spectrometer used for these arlalyses required at least 

0.05 mg N for isotopic analysis and the quantities of N in the samples were 

generally less tharl this, rarlging from 0.01 - 0.04 mg irl the NH/ samples arod 

0_00 - 0.07 mg in the N03- samples (Table 3.4). These values are estimates arxl 

were calculated according to the following equation: 

f1>""" ~ P'" dO"~""," {mg l x no. ,"'-." , '''!l '''''''''' ~,' ror ..... ~~ 
N " ~"" <>mpIe {n"I!l) . --------------------•• - ••• - ••••••• --•• - ........... -...... -.----------

pooled 0011>(0 "" ' 

The limiting factor was the quanlily of sample that could be loaded into the mass 

spectrometer. Off-line preparation, which allows more sample to be loaded into 

the mass spectrometer, was attempted as arl alternative to the tin-cup 

combustion rnethOO, but the amolmt of cartX)I) irl the samples was high arxl 

caused the silicon sample tubes to explode during combustion and the method 

was abandoned. 
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The amount 01 inorganic N in !he soils (calculated For dry soil and correcled for 

percenlage recovery) was low across sites « 11 mg kg") At the wild siles, 

the sOIls contained more NH.· than N03', wtl~e the oPPOSite was true for the 

plantation soris. The soils were composed mostly of organic N, containing only 

0 .2 -1 .3% inorganic N (Table 3.4). 

Table 3.4. The quantity of N extracted per dlstl ii attOrl, in the isotope samples and In the 
origi~ sOlI sample. Values are mean ± SE. n "6. 

Sol! ~oIlec\ed from sile 

W, W7 '" ., 
N In 2Omlsoil extr3(:llI'g) 

NH; H.B ± 3.7 4 7± 3.1 16.2 ± 0.8 40 :t 1 2 
NO; 9.4 ± 3.1 lo7 ± 1.4 22.3 '" 8.5 28.0 ±52 

N In Isotope umple (mg) 

NH: 0.04 00' 0.'" 0.01 
'0, 0.02 0 00 000 0.07 

N in lOll '""'pia (",g.kg·~ 

NI-i •• N 36 t 09 12 :t08 4.2~O2 I I + 03 

'<0,-' 21 ± 09 05+ 0.4 6.8 t 2 0 ' " " 
eltlmaCed r. inofganic N -" .02 ." . " 

J.J.J Glasshouse-grown references 

3.3 3. 1 Small-seeded grass grown In field soil 

The foliar bl~ values of the small-seeded. non-rlXing Efhat1a Iong/folis grass 

grown in potted rteld soil weill posllIve lor an soils and ranged from 2 32 '" 

1.02"100 to 11.01 ± 0 51%. (Figure 3.9). Foliar ol~ values of E. long,folia were 

generally higher than those of soli N for each SIte, where measured. 
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Figure 3.9. o' ~N ('r.o ) values of E longifolia grass grown in field soil (n = 5). 
Also shown are the /i,5N values of soil from each site, where measured (n" 5, 
assayed in triplicate). Values are mean:! SE. 

3.3.3.201 fumiqatioo experiment 

02-fumigation had a signifICant effect on Cyclopia macu/ata grown in soil 

collected from sites W10 and P1 {Figure 3.10}, with 02-stressed C. macula/a 

showing significantly higher 8,sN values than untreated C. maculala (one-tailed 

student's I-tests, 4:~)" 2.94 and 4.47 for sites W10 and P1 respectively, P < 

0.01). In additiOll, ilOdules of the a.-stressed plants were distinctly green-white 

in colour, indicating inactive nodules, while the untreated ilCdules were pillk-red, 

suggesting active Nl fixation (Vincent, 1970). A similar pattern was seen for C. 

macula/a grown in soil collected from s~e P2. but the difference was not 

signifICant (tl~) " 1.62, p:> 0.05). 02-eXposure did not affect the 1)
15N values of 

the non-fixing E. /ongifolia at any site. indicating that the treatment affected N2-

fixation, as intended, but not soil N uptake or N cycling processes within the 

potted soil. 
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Figure 3.10, o"N values {%oj of Cyclopia maculata and E longifoJia grown in fiekJ soil 
collected from sites WID, PI and P2, either fumigated with 0, or untreated (n" 5). Bars 
are mean ± SE. ( .. Denotes a significant increase in the fumigated treatment, Student's 
t·tests, P < 0.01). 

Oxygen-stressed Cye/opia macu/ata grown in soil from all 3 s~es showed 

significantly lower foliar total N values than untreated C. maculata grown in 

these sois (one-tailed student's I-tests, 1("1 " 2.81 alld 2.87 for WID and PI 

respectively, P < 0.01 and t(~l " 1.95 for PI, P <: 0,05, Figure 3.11). No 

significant differences in shool lolal N were found between O)-stressed and 

untreated Erharla Iongifolia grown in any of the test soils (P> 0.05). 
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sampled at the plantations were rounder (Figure 4.1 C). The nodules had a 

roo-brown, woody outer layer that was rnmoVBd before crushing to isolate 

rhizobia Internally, they were pink-red in colour. Sliggnsting active N? fixcllioo 

(Vincent, 1970; Spmnt 1989). 

Figure 4.1, CycJop/a nodules harvested from wild (A and 8) and cultivated plants (C). 

4.3.2 Estimates of P,;, in wild and cultivated Cyclopia 

4.3.2.1 h"'N values 

The ,,'eN values obtained lor Cyclopia and for the Af..·l reference plants in the 

finld, together with the B values measured for each site am given in T abln 41, 

The 0 y~lu{), which is the diffemnce between the mDan .s1cN valup. of tho 

rnforerlco plants arld the [3 value, is also wlculated fur each site. The d<lta <Ife 

presented graptlically for ttle wild sites in Figure 4.2 and for the plantations in 

Figum 4.3. 

The B values showed littte variability within sites and were relatively 

consistent across sites, ranging from -1 ,29 to - O,?~%." al1d - 1.71 to - 0,35%, 

across the wild sitos and ptantations respectively_ Tile refemncc plant 6"N 

values, on the olller hand were variable both wittlin and across sites rile 

reference plant values were generally negative for the wild sites and were 

significanty Iowor th<l11 tho B value for many sites (i_e. <l high 0 valuo), The 

mforBnco plal1t valuos woro more positivo for the plantations and, in contrast to 
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the wild sites, were significantly higher than the B values at plantations Pt, P4 

and P6 (Student's t-tests, P <: 0.05). At a number of sites, the reference plant 

3'5N values were similar to the B values (a low 0 value), suggesting that these 

sites were not suited to the l~N natural abundance method. For example, at wild 

sites W2, W6, W7 and W10, and plantations P2, P3 and P5, the reference plant 

o,sN values did not differ significantly from the B values (Student's t-tests, P:> 

0.05) 

The 1i'~N values of Cyclopia were less variable than those of the reference 

plants and showed exceptionally low variability within sites. The values were 

remarkably close to the B value at each wild site, except at sites Wl and 

W13. At site W13, the 6,sN value of Cyclopia sessiliflora was significantly lower 

than the B value (Student's t-test, 48) " 8.48, P <: 0.01), indicating less 

dependence on N2 fixation at this site than at the other w~d sites. The 6'5N 

vatues of Cyclopia at the plantations were generally higher than the wild sites. 

Plantations Pl, P2, P3 and P6 showed Cyclopia 3'~N values significantly higher 

than the measured B values (Student's t-tests, P <: 0,05), suggesting that 

cultivated Cyclopia has lower dependence on N2 fixation than natural 

populatiO/ls of Cyclopia. 
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Table 4.1. 6"N values (mean i SE %0) of Cyclopia for each study site. nd = S'"N value 

no! determined. 

Site Species CycJopl2 AM references B value Dvalu.' Si~n"" 
Pre ... rII 

Wild sites 

W, C sublemata -t.79iO.19 ·5.35 i OAO -0.24 i 0.13 5.11 
W, C subtemata _1.08,0.11 -0.35 i 2.05 "' W, C sobtemala -0.36,0.06 -5,36,1.19 -0,65 ± 0.32 4.51 
W. C fl"nisloides _0.11iO.18 2.87il.24 -053 ~ 0.20 3.40 
W, C, fl8nistaid<Js -0.36 ± 0.07 -5,06,1.52 -0,B5 ± 0.21 4.20 
W. C genislaides -UBiO.1B -3,37 i 2.44 ·U)OtO.12 2,~7 

m C inlermedia -0.03 ± 0.21 ·210,0.45 "' W. C in/"m",dia -0,6~iO.15 --4,55iO.~6 -1,2910.44 ". • 
W. , imermfldia -0.75±0.~~ -5.31 i 1.61 _0.54 ~ O.ID 4,77 • 
W'" C maw/ata ·094 ± OOG OA8,0.5D ·050 i 0,20 000 
W" C maculal~ -084 ± 009 -2.01 ± 0.52 -0.8910.14 '" W" C SfJssiliflora -0.22tO,n -2,69 ± 1 ,09 -0.77 i 0.14 1,92 • 
WU C sesSJIifkJra -3.64 i 0.23 -6.08 ± 0.34 ·0.50 ~ O.OD .~ 

Plantations 

" C. sub/wnala 1,12iO,24 5.39 t 0.60 -0.9liO.15 6,36 • 
C uerusrddes 0.32iO,11 ·U2iO.12 £.51 
C. sessMioro 016iO,54 -0.85 i 0.22 6,24 • 
C. maculala -0,33iO,16 -1.05iO.12 .M • 

" C. sublemala ·065tOl0 0.70 ± 086 -0.7410.16 1.44 
C gfmis/aides 0,70iO,23 -1.04iO.22 1,74 
C. macula/a -0.34 ± 0, 11 _0.B9iO.21 1,59 

" C. subl"mala 0.46 i 0,42 0.74 ± 0.76 -1.71 iO.3O 245 
C. fl"nisrddes 0,62 i 0,~4 -0.82 i 0.07 1,56 
C. sessilifJonJ 0.37,0.23 ·0.58 ~ 0.05 1,42 
C. intemledia 1.33,0.41 ·1.11t0.36 lB5 

" C. sub1em~l~ ·0.69 ~ 0.08 0.62 t 0.41 _0.35 ~ 0.27 0,97 
C. genislQdes -0.24~0.15 -0.80 ~ O.W 1,42 • 
C. sessilifloro -O.80~0.12 -0.58 ± 0.30 1,2B • 
C. intel1lledia -0.ID,0.12 -<l.671.0.13 1.29 • 

" C gellislOides -0.I£iO,08 2.04 ± 1,0B -0,54 i 0.~2 258 .. C gellis10ides .{].18±0.04 -2.(>0 i 037 ·0.81 ±0.21 1,75 • 

, The D varve is Ihe d!lferen<:e between lIle mean reference plant value and the B value, 

, • Denotes a significant difference between the B ~alue and the i>"N ~~ue of the reference 
plants leo- a site (detennined I>y two-tailed Student's t-tests, 
suitab lity for application of "N nal.LK~ abundance methodology 

P < 0.05). denoti1g potenti" 
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Figure 4.2. Foliar b'"N values (%0) d Cyclopia, reference plants and tile B value for 
each wild site. Values are mean ± SE. 'x' denotes a signifICant difference between the 
B value and tile Ii"N value of the reference plants (high 0 value) and "*" denole5 a 
significant difference between the B value and the Ii" N vatue of Cydopia for a site (low 
dependence on fixation) using two-tailed Student's t-tests. P <: 0,05. 

" 
" ~ I DAMreferenc.e~arllS • Cyclopia sp. 08 value 

, 
, ~ , . .. -'-~ . ~~ .. • 0 
" e _z OOO~: Ooe 00 0 '"n50~ -- ~. 

'0 • 0 
~ , 

, 
" " SuG s"M " Su G M " SuGS<l1 " SuBS. I " " co 

, , " " " -
" " " " " " 

Figure 4.3. Foliar A'"N values (%o) d Cyclopia, reference plants and the B value for 
each plantation. Values are mean :i: SE, Symbols ·x" and "." replicate those of figure 
4.2. Letters are as follows: R " reference ptants. Su = Cyclopia s(Jb/emala. G " C 
genisloides, Se = C sessilifiora, M " C. maculata and I " C. inlermedia. 
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Pj" estimates calculated for each study site are presented in Table 4.2 

together with standard errors and upper and lower 95% confidence inter/als. 

Figure 44 shows the estimates in a graphic form. Graphic estimates are not 

shown for sites W2, Wl0 and plantations P2 (C. genistoides) and P3 (C 

sess'liflora), At site W2 and plantation Pl, the &1'N ,'alues of Cyclopia fell 

outside the B value ~ reference plant range, making these sites unsuita~e for 

the applic21ton of 1°N natural abundance methcxlology. Site Wl0 had a low 0 

Y21lue of 0.98%0, reducing the reliability of the Pix estim21te to an unacceptatJIe 

level (.~ 42% SE). The P';x estimate for C. genis/aides at plsnbtion P2 was al50 

unreliable (± 51% SE) due to a low 0 value and to relatively high variab·. ity in B 

alld reference plant 01'N values 

The Pnx estimates were generally high for Cyclopia growing at the undisturbed 

wild fynoos sites, with the exception of site W13, where C. scssilifiom was 

estilllated to depend on N2 fixahon for only 44 -': 6% (mean ± SE) of its N 

supply_ /\side from this site, N2 fixation levels ranged from /0 -'- 4 to 100% 

across the wild sites, with many of the populations estimated to depend on 

fixation for all of their N requirements_ 

Cultivated Cyclopia showed a wider range of estimates, with much higher 

variability than the wild sites_ Estimates were ','ariable both across and "ithin 

sites Dependence on N2 fixation was estimated to be low for plantation P3 

and high for plantations P5 and P6_ PI;, estimates for the plantations were less 

reliable 1I18n for the wild sites due to the generally lower 0 values for the 

plantations 
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Tabte 4.2. p~, estimates for Cyclopia species growing wild in the fynbo5 and under 
cu Itivation. 

Sit .. Cyclopia Mean P" " Lower 95% Upper %"" 
species confid .. nc .. confidenc .. 

limit IOrllit 
.-------.-.~-.~ _.-- -_.- . - '_.-'-

W,d ' iles 

w, , suNemala 69.7 " 60.3 79.1 W, C. suN.ma/a W, C sub/emara '" "0 81.7 @ W, C genimo;do. 876 H 77.2 00 w, e genislo;des '00 '" 89.2 '00 W. c. geni<lc<des M. 11.7 ~, w. 
m , in/or_dia 81.3 19.1 37.1 '" W. C inlerlOOdia '00 16.5 48.7 '00 W. c. inle"""dia 948 "' 75.2 H" W" , "",cuia/a '00 42.4 '" '00 w" C. maw/ala H" 14.7 63.5 ". W" C. sessilifloca '00 17.1 89.2 "" W" C. sessillllora 43.7 " "" 56.9 

PlWillion , 

" C. subtemallt 67.1 " 55.7 78.6 
C. lieNs/aides 77.9 , , 71.0 M, 
C. sesSilillora 83.8 " 61.7 '" C "",c,~~/a 89.0 " 00, 97.3 

" C sublemalll 93.8 13.2 79.5 W. 
c. genis/oides • 51.0 , '00 , m" cul" l~ 55.4 21.1 US '00 

" C suNemala I 1.1 331 , 85.9 
c. genis/codes n 45.3 • '" c. "",iSHiflora , inrorm odia 200 362 , ,eo 

" c. sub/emaia "" '" " , .. 
c. (IIiflI<loide" W. lB.3 ~, 98.1 
c. ses"Hiflora '00 27.7 48.7 , .. , inlorm odia 52.8 16.1 32.3 W. 

" C. (IIiflI<loides 85.3 128 " '" 
" C.lIenislcodes '00 17.5 82.0 '00 
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~G I 
~~ o,,! 

x ,0: c{ u 

'0 i . i 

I 
I ~ 

, , 
"" PG 

Site 

Figure 4.4, Percel1lClge N derived from N, fixation (P ,,) by wile! ('/'111 to \/1113) and 
cultiv;]\ed (P1 to P6) Cye/opia species. Values are mean p,~:,: Sr: %. Symbols ~re as 
follows: S'J = Cycl(lpi~ subtelJl~tii, G " C, genis/aides, I ~ C inlerme(iiJ, ~, .. 1 = C, 
mJClJIJiJ arxl Se = C .~e:;.';jMlcril, 

At the wild tynbos sites, Cyclopia were found to Ilave sigl1ificalltly higher foliar 

N than non-fixing AM referenc:e plal1ts, ""11ich derive tile;r N from the soil 

(Sludellt'5 I-tests, P < 0 05, Figure 4 5 Al. The Exceptions to this lrertcl were 

sites W4 alld we At site W4, Cyclopia hacl significarttly lower foliar N thall the 

reference plants arid there was riO difference irt loliar N between Cyclopia and 

the rlOn-fixirlg AM refererlce plants at sile '016. 

CulliV<lled Cyclopia did not present <l clear trend in f~iar N (Figure 4,5 B). At 

sites P1 and P2. N levels were similar to those of the non-fixing reference 

plarlts, while <It site P4. foliar N in Cyclopia was siqnificanUy lower tharl that ot 

the reference plal1ts. Sites P5 and P6, 011 the other hal1d, renectecl the patterTl 

ot wild Cyclopia, with significarltly higher Nlrl eydopia compared to the nOfl­

tixing reterenc:e plants, 
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A: Wild sites 

' r-=="--------~~ I reference 

" 
z 

w, w, w, w. w, w, w, we w, WlO Wl1 W" W," 

Sit!! 

B: Plantations , 
" • 

, 
z , 
~ " 0 

" 

0.' 

0 

" p, p, P4 P' 

Sit!! 

Figure 4.5, Foliar N (%) of Cyclopia and non-fixing reference plants in A) the wild 
sites and B) the plantations, Values are mean ± SE. There was a signifocant 
difference between Cyclopia and reference plant values at alt wild sites except W6 
(ns) (two-tail!!d Studenls I-tests, P < 0,05), -." tndicates a significant difference 
between Cyclopia and r!!ferenc!! plant Yalu!!s at a plantation sile. 
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1 

Strain site name 
site label 

UCT5 W16 
UCT6 W16 

7a W16 
UCT7b W16 
UCT9 W6 

73 W6 
UCT 11 W4 

13 W4 
15 W5 
16 W5 
19 W5 
20 W17 
21 

25a W8 
25b W8 

61a C. sUbtemata W1 
UCT 27a C. subtemata W15 

27b C. subtemata W15 Waboomskraal 
UCT57 C. sUbtemata W3 Prince Pass 
UCT58 subtemata W3 Prince Pass 

UCT30 C. sessiliflora W13 
UCT31 W12 

UCT32 buxifo/la W19 Me 
33 C. buxifo/ia W19 Me 

40a C. W20 Point 
40b C. W20 Point 

UCT22 C. maculata W18 
UCT48 C. maculata W18 

24 C. maculata W11 

UCT35 C. W21 
UCT34 C. W21 
UCT69 C. W21 

UCT 44b C. W22 
UCT56 C. W22 
UCT45 C. W23 
UCT46 C. W23 

60 C. W23 

C. W24 
C. W24 
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Strain 1 

A. 

M. 

M. 

M. 

M. loti 

M. 

M. tianshanense 

R. 

R. 

R. 

S. 

S. 

S. 

S. 

S. 

16 

number 

6465 

18230 

18977 

14107 

61 

11 

lMG 1 

on 

5 

18254 

1 

9503 

6217 

1 

61 

1 

were 

host 

rostrata 

max 

Lotus 

herbacae 

Phase a/us 

max 

Acacia 

max 

rostrata 

a 

were 1 
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Primer to 

63F Forward CAG TAA ATG CAA 

1387R Reverse GGG CGG WGT GTA CAA GGC 

was 

a 

2 
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on a 

was 
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Site 
no. 

Wi 
W3 
W4 
W5 
W6 
W8 
W11 
W12 
W13 
W15 
W16 
W17 
W18 
W19 
W20 
W21 
W22 
W23 

N 

4.2 1.05 
3.1 0.95 
4.8 0.04 
3.9 0.11 
3.8 0.14 
4.3 0.44 
4.1 0.14 
2.9 1.11 
4.4 0.83 
4.5 0.08 
4.7 0.05 
4.7 1.20 
4.4 0.48 
4.1 0.59 
4.4 0.12 
3.2 0.69 
3.3 0.24 
3.4 0.46 

were a 

were 

were 

Extractable Extractable % Sand % Silt % 
P K matter 

5.5 109.3 13.2 82 9 9 
6.6 285.5 13.4 76 20 4 
3.4 16.8 2.1 96 1 4 
4.3 49.5 13.7 98 1 1 
8.3 69.0 14.8 94 5 1 
5.4 45.5 3.5 83 11 6 
7.5 73.0 8.0 82 10 8 
10.3 146.3 8.9 80 18 2 
2.6 201.7 11.6 60 20 20 
2.1 69.2 11.9 66 15 19 
1.3 30.0 3.6 95 1 5 
15.2 153.7 15.5 77 7 16 
8.2 102.2 8.5 88 11 11 
5.2 58.0 6.0 90 3 7 
4.6 46.7 9.4 98 1 1 
17.6 64.3 7.1 87 5 8 
15.9 62.0 14.3 91 6 3 
9.7 193.3 4.8 95 1 4 
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Strain 16S rDNA RFlP pattern with: Combined UPGMA 
RFlP group .. 

Cfel Hlnfl Mspl Rsal patterns 

UCT5 C2 H1 M1 R1 1a 

UCT6 C2 H1 M1 R1 1a 

UCT7a C2 H1 M1 R1 1a 

UCT7b C2 H1 M1 R1 1a 

UCT9 C2 H1 M1 R1 1a 

UCT73 C2 Hi M1 R1 1a 

UCT 11 C2 Hi M1 R1 1a 

UCT13 C2 H1 M1 R1 1a 

UCT15 C2 H1 M1 R1 1a 

UCT16 C2 H1 M1 R1 1a 

UCT19 C2 H1 M1 R1 1a 

UCT25a C2 H1 M1 R1 1a 

UCT25b C2 H1 M1 R1 1a 

UCT27a C2 H1 M1 R1 1a 

UCT27b C2 H1 M1 R1 1a 

UCT31 C2 H1 M1 R1 1a 

UCT32 C2 H1 M1 R1 1a 

UCT33 C2 H1 M1 R1 1a 

UCT 40b C2 H1 M1 R1 1 1a 

UCT40a C3 H3 M1 R1 2 1b 

UCT20 C1 H1 M1 R1 3 2 

UCT2i C1 H1 M1 R1 3 2 

UCT22 C1 H1 M1 R1 3 2 

UCT48 C1 Hi M1 R1 3 2 

UCT35 C1 Hi Mi R1 3 2 

UCT34 C1 H1 M1 R1 3 2 

UCT69 C1 H1 M1 R1 3 2 

UCT44b C1 H1 M1 R1 3 2 

UCT56 C1 H1 M1 R1 3 2 

UCT45 C1 H1 M1 R1 3 2 

UCT46 C1 H1 M1 R1 3 2 

UCT60 C1 H1 M1 R1 3 2 

UCT57 C1 H1 M1 R1 3 2 

UCT58 C1 H1 M1 R1 3 2 

UCT24 C2 H1 M2 R1 4 3 

UCT 61a C5 H2 M1 R1 5 4 

UCT30 C1 H2 M3 R1 6 5 

UCT52 C1 H1 M1 R2 7 5 

UCT42 C4 H1 M4 R3 8 7 
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Strain 16S rDNA RFLP pattern with: Combined UPGMA 

RFLP 

efol Hlnfl Mspl Rsal patterns 

M.loti C9 H10 M16 R7 14 6 

M. amorphae C8 H11 M17 R6 11 8a 

M. cicen C8 M15 R6 12 8a 

M. huakuii C10 M13 R6 13 8a 

M. C8 H7 M11 R6 15 8a 

M. tianshanense C8 H5 M10 R6 16 8a 

S. fredii C7 H6 R6 20 8b 

S. C7 H6 M16 R6 23 8b 

A. caulinodans C7 H9 M14 R4 9 9 

R. huautlense C7 M5 R4 17 9 

R. mongolense C7 M6 R4 18 9 

R. tropici M7 R4 19 9 

S. kostiense H6 M15 R4 21 9 

S. meliloU C7 H8 M12 R4 22 9 

S. terangae C6 M8 R4 24 9 

B. liaoningense C4 H4 M9 R5 10 10 

"-" = no 

UUL.U.':::; a 

1 

u 
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Genetic 

UCT5 
UCT6 
UCT7a 
UCT7b 
UCT9 
UCT73 
UCT11 
UCT13 
UCT15 
UCT16 
UCT19 
UCT25a 
UCT25b 
UCT27a 
UCT27b 
UCT31 
UCT32 
UCT33 
UCT40b 
UCT40a 
UCT20 
UCT21 
UCT22 
UCT48 
UCT35 
UCT44b 
UCT56 
UCT45 
UCT46 
UCT57 
UCT58 
UCT60 
UCT34 
UCT69 
UCT24 
UCT61 a 
UCT30 
UCT52 
M.loti 
UCT42 
M. amorphae 

S. fredii 
S. xinjiangensis 

A. ca~:~;~I~~~! R. me 

R. hainanensis 
S. kostiense 

S. 

B. liaoningense 

1 

1a 

1b 

2 

3 
4 

5 

6 
7 

8 

9 
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its hornoloQ()us 
and Me'so/lllzoblum 

"' ......... ,"'''' n,rn,,,,,,nn wild in the Western 

difference in nodule biomass to host "' ..... ", .... '" inoculated with its own rhizobial isolate 

",.""n.,., were inoculated with 
"' ... , ...... '"'''' are 

t-test for ,nn,Dr",:.n"",n. means, P < 
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Host spEtciEIS Host strain 1 B./a/non-

gense 

+ ± - (0) 

maculata 

+ ± 

subtemata 

1 Host strains are UCT24 and UCT61 a for 

R. M./otl S. fred;; P. I"JlIlilln:f,alfa 

Isolate 

± 

+ ± 51) 

:W",[""",,, maculata and C. subternata res:pelctlvelV 

2 B ::: tsralGVJml2:0Dlrum R::: Knl'ZOlJIUfn. M ::: Mesorh;zlobilJn S ::: ;,sm'omllZODlum 

V. oroboldes 

isolate 

+ ± 

+ ± 1) 

A. linearls A. mearnsil 

isolate isolate 

+ ± 11) 
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Strain 

UCT15 1a c. 
UCT40a 1b c. 

2 

UCT24 3 

4 sUbtemata 

5 C. sessi/iflore 

7 C. 

groups refer to 
to Table 5.1 and 

were 

1 

W20 

W22 

W11 

W1 

W13 

W24 

were 

Site name 

Point 

Hottentots 

Jonkershoek 

Garcia's Pass 

5 

1 

4 

1 

were 
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3 2N 

Nodule fresh 
number 

Rhizobial strain 0.023 ab a e 
0.024 ab 9.9 a 1.256 be 
0.029 a 10.8 a 1.987 ab 
0.015 abc 5.0 ab 1.276 bc 

ab 7.7 a 2.327 a 
0.011 be 6.6ab 1.077 bc 

UCT42 0.001 c 0.0 b 0.636c 
1.779 ab 

143) 5.70** 6.46** 

Host 0.017 a 4.5e 0.810 e 
0.014 a 6.3 b 1.267 b 

C. intermedia 0.017 a 7.6a 2.145 a 

143) 0.31 ns 3.21* 26.06** 

N treatment N-free a 7.9 a 0.627 b 
5mMN 0.005 b 3.6 b 2.187 a 

F (1,143) 14.00** 99.19** 

Interactions 

Strain x 143) 2.94 ** 2.78 ** 3.79 ** 
x N treat 5.29 ** 3.90 ** ** 

x N treat 1.45 ns 1.10 ns 21.52 ... 

Strain x xN 143) 1.39 ns 0:87 ns 4.03 "* 

1 Data are mean and different letters within columns indicate differences 
determined a ANOVA followed HSD tests ... a 
difference at P < a difference at P < 0.01 difference. 

5 a < CTT,C,,'''T on .. ,n,n .. ,,_ 

cou 



Univ
ers

ity
 of

Cap
e T

ow
n

x were 

were " ... rlrurn 

7 4 

on ~\J.c:.r~r1a 

mass 

u,c',nru on 5 



Univ
ers

ity
 of

Cap
e T

ow
n
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Host fresh mass 
I index 

N-free 5mM 5mM 
C. 

0.05 ab 0.00 b 1.12 0.37 a 0.83 
0.03 ab 0.00 b 0.70 0.70 a 0.46 
0.04 ab 0.01 a 0.65 ab 1.49 a 0.40 

UCT24 ab 0.00 ab 0.95 ab 0.37 a 0.67 
UCT61a 0.08 a . 0.00 b 1.26 a 1.11 a 
UCT30 0.00 b 0.00 b 0.12 b a 0.00 
UCT42 0.00 b 0.00 b 0.26 0.41 a 0.06 
Uninoculated 0 0 0.20 ab 1.31 a 

C. 

UCT15 a 0.00 b 0.91 a 1.26 be 0.23 
0.04 a 0.00 b 0.94 a 0.74 c 0.24 
0.02 a 0.01 ab 0.26 a 3.67 a 0.05 

UCT24 0.01 a 0.01 b 0.18 a 1.78 abc 
UCT61a 0.03 a 0.00 b 0.70 a 1.41 abc 0.17 

0.02 a 0.04 a 0.60 a 2.81 abc 0.15 
UCT42 a 0.00 b 0.15 a 1.11 ab 
Uninoculated 0 0 0.08 a 3.67 ab 

C. 

UCT15 0.03 ab 0.00 b 1 ab 0.63 c 0.21 
0.08 a 0.01 b 1.57 a 2.88 be 0.28 
0.06 ab 0.03 a 0.91 ab 4.94 abc 0.15 

UCT24 ab 0.00 b 0.91 ab 2.36 be 0.15 
0.03 ab ab 0.76 ab 8.74 a 0.12 

UCT30 0.01 b 0.00 b b 1.85 be 0.02 
UCT42 0.00 b 0.00 b 0.18 b 1.70 be 0.00 
Uninoculated 0 0 0.17 b ab 

C. subtemata 

UCT15 0.06 a 0.00 a 1.44 a 5.11 ab 0.17 
0.07 a 0.00 a 1.51 a 2.20 b 0.18 

UCT44b 0.04 a 0.06 a 0.84 a 13.79a 
UCT24 0.02 a 0.01 a 0.90 a 2.97 b 
UCT61a 0.06 a 9.87 ab 
UCT30 a 4.18 ab 
UCT42 0.00 a 2.13 b 
Uninoculaled 0 0 0.29 a 6.92 ab 

1 Means (n::: letters within a column indicate 
determined tests < 
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Figure 6.1. Effect of 5 mM NH,NO, on plant fresh weights of 4 Cyclopia species . 
• Indicates a significant increase in total biomass determined using 2-tsiled Student's 
I-tests, P < 0.05. Bars are mean ± SE. 

The effectiveness of the rhizobial strains was generally low, illustrated by the 

distribution curve (Figure 6.2), which is skewed to the left. High ratings were 

obtained for strains inoculated on Cyclopia genistaides and this probably 

refiected the poor tolerance of this species to high N conditions. Strain 

UCT61a gave the highest effectiveness rating (0.83) with C. genistoides, 

while strains UGT 408 and UCT15 produced rather low ratings (0.17-0.28) with 

the other Cyclopia species (Table 6,3). 
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0·0.1 0,1-0.2 0,2-0.3 0.3-{l.4 0.4-0,~ O, ~-{l .~ 0,64,7 0.7-0.8 0. ~-0.9 0.9-1,0 

Erroc!;"",",,"" . "." 

Figure 62, Effectiveness ratings of the 7 test rhi20bia used to inoculate 4 Cyclopia 
species (n eo 26. 3 strains omitted for C subtemafa), 



Univ
ers

ity
 of

Cap
e T

ow
n

Chapter 6, Glasshouse Selections 144 

Leaf tissue analysis showed that inoculation with strains UCT40a and UCT15 

accumulated significantly more N in shoots than inoculation with strains 

UCT 42 and UCT30 or the control under N-free conditions (Table 6,4). Of the 3 

species. Cyclopia intermedia had significantly higher shoot N Ihan C. 

sessi/iflora and C. genis/aides (P < 0.05, Table 6.4). 

There was a significant strain x host species interaction (P -< 0.05, Table 6.4) 

and I-way ANaYA of strain performance with each host species showed 

UCT61a to produce significantly higher N in shoots of Cyclopia genis/aides 

plants while strains UCT 40a and UCTI5 accrue significantly more N in shoots 

of C. infermedia compared to uninoculated controls (Figure 6.3). 

Table 6.4. Three Cyclopia species grown under N-free conditions and inoculated with 
7 different Cyclopia rhizobia.' 

Cyckipi<! ,Iran 

Strain x ~pecie5 

UCT15 
UCT40a 
UCT44b 
UCT24 
UCT£1" 
UCT3() 
UCT42 
Urlinocul"ted 

C. f/enjsluides 
C. sessiliflcr .. 
C. intermedk! 

Shool N (mg I plant) 

3.00 a 
3.1 1 a 
1.48 abe 
2.23 ab 
2.49 ab 
O.~7 be 
0.240 
0.16 c 

e.89 -

1.48 b 
1.27 b 
2,29 a 

4.77 • 

2.39·' 

1 Disimilar letters within a column far each treatment indicate significant differences at P < 
0,05·orP<OOI·· 
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Figure 6.3 Shoot N in 4 Cyclopia species grown urxler N-free conditions and 
inoculated with 7 rhizobial strains .• Irtdicales a significant difference frem the 
uninoculaled control at P <: 0.05 (1-way ANOVA f~lowed by Tukey's HSD multiple 
comparisons lests). Bars are mean t SE. 

6.4 Discussion 

The 7 rhizobial isolates tested in this study varied in their symbiotic 

effectiveness with Cyclopia species. Poor performance was seen in strains 

UCT30 and UCT42, with the former inducing ineffective nodules in Cyclopia 

and the latter failing to incite nodule formation in any of the species tested. In 

contrast to these ineffective strains, the Cyclopia species were effcctively 

nodulated by the othcr 5 Cyclopia rhizobia tested. Strains UCT61a and 

UCT40a increased nodule mass and plant fresh weight in C. geni5toide5 and 

C. intermedia respectively compared to the uninoculated controls and to 

inoculation with the other strains. There was high variability in the data, which 

is typical of land races and wild accessions used in these kinds of 

experiments, as was the case with the Cyclopia species. 
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s-1 

Interaction: Tr x S (t -1 -1) 

Error 

Total t"'s*b -1 

1 Where b ::::: the number of blocks or reOIlCaltlOrlS 
s :::: the number of 

N 

a 

"' leaf 

mass 
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was 

"' stem 

t '" the number of inoculation treatments and 
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were mass 
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N total 
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NH4 
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Silt 

10 22 
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a 

P 

5.0 
7.3 

0/. C 
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no dete(~tahIA 

K 

44.0 
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Water 

31.0 
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MPN 

0.00 
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Strain 

UCT40a 
UCT44b 
UCT61a 
PPRICI3 
Uninoculated 

C. subtemata 
C. oenisto,ides 

Strain x 

SO) 

Shoot 
biomass 

I 

154.6 ± 13.8 a 
171.2 ± 11.3 a 
186.7 ± 15.8 a 
184.6 ± 10.5 a 
104.1 ±9.8 b 

7.96-

156.8 ± 9.8 
163.7±9.1 

0.41 ns 

2.08 ns 

1 Values are mean per ± SE 

a 

2 

N 

Root 
biomass 

I 

87.8 ± 7.6 
84.4 ±9.8 
97.6 ± 8.3 
85.3 ± 5.8 
76.8 ± 7.5 

1.06 ns 

99.2 ± 5.4 a 
73.6 ± 3.8 b 

15.51 ** 

1.17 ns 

differences determined a 
Indicates a at P < 

Shoot total N 
I 

1.09 ± 0.15 ab 
1.39 ± 0.16 a 
1.64 ± 0.18 a 
1.38 ± 0.12 a 
0.59 ±0.09 b 

8.55 ** 

1.32 ± 0.12 
1.12 ± 0.10 

2.67 n$ 

2.18 ns 

and Field Trials 1 

ealctlcms were 

an 

Shoot % N 

1.34 ± 0.05 ab 
1.24 ±0.05 b 
1.44 ±0.06 a 
1.30 ± 0.02 ab 
0.99 ± 0.02 c 

19.55 ** 

1.23 ± 0.04 
1.29 ±0.04 

2.81 ns 

1.76 ns 

and different letters within columns indicate 
followed HSD tests. ., 
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Inoculant strain 

UCT40a UCT44b UCT61 a 

C. dw "" " 
Shoot N "" " 
Shoot%N " "" 

,. 

Root dw 

C. dw .. ,o" 

Shoot N .... " 
%N .... .. .. .... .. 

Rootdw 

.... Denotes a at P < 0.01, .. at P < 0.05 and - no 
followed HSD tests. 

4 

< ). 
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Inoculation 

UCT40a 

C; subternata 
C. ael1lSrlOlaj~S 

x inoc. 

40) 

are mean per 
determined a 

Nodule 
number 

13.4 ± 1.1 b 
18.6 ± 2.7 ab 
19.3 ± 2.3 a 
17.9 ± 1.7 ab 

;0 

21.33 ± 1.4 a 
13.25 ± 1.0 b 

28.61 ;0;0 

and Field Trials 161 

Fresh nodule Nodule 
biomass number: 

I biomass 

23.48 ± 3.13 0.69 
±2.21 0.58 

33.51 ±4.14 0.64 

32.91 ± 4.40 0.64 

2.20 ns 0.62 ns 

25.66 ± 2.01 b 0.88 a 
34.64 ± 2.80 a b 

8.36 ** 77.01 ;0;0 

3.33 ;0 0.47 ns 

± SE = and dissimilar letters indicate differences 
ANOVA followed HSD tests. ,. Indicates a <:!in"ifil"'",nt 

difference at < at P < difference. 

a 

was > 
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Inoculant Nodule number Nodule fresh biomass 
I 

C. sUbternata 14.25 ± 1.59 b 16.62 ± b 
26.17± 34.40 ± 2.18 a 

± ± 
± ± 3.57 ab 

5.65 ** 5.41 ** 

C. 12.58 ± 1.46 ±3.99 
UCT44b 11.00 ± 2.10 ± 

a 14.08 ± ±6.90 PPRICI3 
1 ± 42.10 ± 

0.83 ns 1.80 ns 

difference at P < 

1 

were 

a 

< 

< 1 ). across 
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Fresh shoot Leaf". N Total Total N 
biomass biomass 

I I I 

Block 0.83 ns 1.13 ns 0.38 ns 0.51 ns 

Inoculation UCT40a 13.30 ± 3.43 ab 2.53 ± 0.08 ab 6.06 ± 1.40 b 12.84 ± 3.20 b 
treatment UCT44b 8.17 ± 1.27 b 2.41 ± 0.06 ab 4.29 ± 0.61 b 8.46± 1.17 b 

UCT61 a 16.19 ± 2.80 ab 2.62± 0.07 a 7.33 ± 0.07 ab 15.49 ± 2.32 ab 
PPRICI3 23.89 ± 5.65 a 2.55± 0.07 a 11.80 ± 2.33 a 24.99 ± 5.44 a 
Uninocuiated 2.04± 0.42 c 2.04 ± 0.10 b 1.19 ± 0.19 c 2.11 ± 0.35 c 

23.79*'" 3.82 .... 21.93 .... 26.00*'" 

C. sUbtemata 16.89 ± 3.04 a 2.38 ± 0.06 7.70 ± 1.32 a 16.18 ± 3.00 a 
C. 8.77 ± 1.20 b 2.52 ± 0.05 4.56 ± 0.55 b 9.73±1.16b 

45) 8.06- 1.68 ns 6.24* 4.93* 

Inoc.x 451 0.70 ns 0.72 ns 1.05 ns 0.60 ns 
spp. 

1 Values are mean per ± SE = 6, 
indicate a differences within the 
for a block 
0.01, .. P < 

a 

IU\..IUI'C';:) on crown < < ) 
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Crown nodules Distal nodules 
,« .. «--.--~." -.. "-.-~- .... -.. -... -.--.---~-".~, .. -... ~~" .----~ .... --" .. "-... - •• __ ..... ·.··.~ •• ON ._ ••• _ ••• _"_'''._ ••• , ____ " •• _ •• ~ __ ._ •••• _~ • 

Nodule Fresh nodule Nodule Fresh nodule 
number biomass number biomass 

I I 

Block 0.80 ns 0.10 ns 2.08 ns 0.84 ns 

Inoculation UCT40a 39.1 ± 7.8 41.89 ± 9.03 14.62 ± 6.94 21.87 ±8.53 
treatment UCT44b 32.8 ±6.4 28.89 ±4.85 7.86 ±2.84 4.42 ± 1.25 

UCT61 a 42.6± 7.2 48.88 ±9.27 13.50 ±4.41 10.65 ±2.49 
PPRICI3 46.4± 8.4 48.00 ± 12.93 15.41 ± 3.85 20.85±4.74 

0.38 ns 0.93 ns 0.93 ns 2.90* 

C. subtemata 49.4± 5.9 a 46.82 ±4.84 19.75 ± 3.84 a 15.49 ±2.92 
C. 31.1 ± 3.7 b 37.01 ± 8.10 5.95± 1.87b 13.41 ±4.53 

351 4.61 * 0.74 ns 18.42- 0.43 ns 

x inoe. 351 0.39 ns 0.74 ns 1.31 ns 0.86 ns 

1 Values are mean 
indicate a 
for a randomised block 
0.01, .. P < 0.05 and ns. no 

B x 

were 

( 

mean± 

B 
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(i.e. the D value, see Chapters 3 and 4) was between 1,7%0 and 2.90/.0 , a 

value possibly too low for the accurate estimation of N2 fixation using the '5N 

natural abundance method (Unkovich et al. 1994; Hogberg 1997; Peoples al 

al. 2001 and see Chapter 3). 

A. Cyclopia sublemala 
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Figure 7.2. Whole plant ~"N (%.0) of C. subiemala (AJ and C, genis/aides (8J. Data 
are mean Ii"N and error bars represent SE (n " 6). Dissimilar letters PIldicate 
significanl differences between means determined by one-way ANOVAs for a 
randomised complete block design followed by Tukey"s HSD tests (P '" 0.05) 
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Cyclopia sublemala inoculated with strains UCT44b, UCT40a and UCT61a 

produced signiHcantly lower i\'"N values than the uninoculated C. sub/emala 

reference plant (F(5.30) '" 4.46, P < 0.01, 1-way ANOVA for a RCB design 

followed by Tukey's HSD comparisons, Figure 7.2), suggesting that these 

plants were dependent on the Nrfixing symbiosis for a portion of their N 

supply Cyclopia genistaides inoculated with strain UCT61 a also gave 

significantly lower (i1 ' N values relative to the uninoculated control plants 

(F(5.30) = 3.29, P < 0,05). None of the inoculation treatments, however. 

produced mean (i'5N values significantly lower than that of the non-fixing 

Pilylica reference plant. 

Pfix estimates for the two Cyclopia species are given in Table 7.10. The 

estimates we re made using the 15N natural abundance method . using both 

foliar and whole plant i\'"N values and two different reference plants: the 

unnodL.iated control treatment and the non-fixing Pily/ica ericoides. Estimates 

were also made using the N difference method, which compared total N of 

inoculated plants with that of the non-nodulated control. 

The '5N natural abundance method estimated C. subtemala to be gaining 

about half of its N from fixa tion, while C. genisloides obtained less than half of 

its N supply from the symbiosis Estimates made using whole plant o" N 

values were lower than those made using foliar values. Furthermore, 

estimates made using P1wlica as a reference plant were lower than those 

made using the uninoculated control. No differences, however, were 

discernible between the treatments because of the high variability wi thin 

estimates. Although estimates made using the N difference method were 

higher than those made using 15N natural abundance methodology, they 

again showed C. subfemata to be fixing higher amounts of N than C. 

genistoides. 
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Table 7.10. Estimates of Po, in C. sublernala and C. genislaides plants inoculated 
with 4 Cyclopia strains in the fiek! made using the ,oN natural abundance method 
with two reference plants and the N difference method.' 

"N Naturat abundance method N difference 
------ ._----- method 

Whote plantli"N Foliar S"N 

Uninocul"ted Plwlica Uninocul"ted Phylic" Uniooculated 
Cyclopia ericoides Cyclopia ericoide5 Cyclopia 

C. subtemata 

UCHOa 40,5±15,5 23.1 ± 17.0 68,5010244 66.S ± 24.2 87.3 
UCH4b 646±95 50.9 + 10.4 63,201010,7 63.6± 10.5 76.3 
UCT61a 43,8010 109 26.701010.2 47.0± 7,2 47.4±7.1 88.6 
PPRICI3 32.301012,6 14.201011.5 387 + 12.9 39.2 ± 12.7 93.9 

C. genis/oides 

UCT40a 25.3 t 28.0 16,9 ± 32.2 45,0± 12.2 45,5010 12.1 72.7 
UCT44b 27.9 ± 21.5 19,8 ± 25,2 27,9± 13.2 2S,5± 129 "'., 
UCT61a 45.2 ± 2S.0 39,5 ± 31.4 55.3 ± 12,0 55,7±11,S 80.2 
PPRICI3 22.9 ± 17.2 16,2±196 37.1 t4.5 37.6 ± 4,3 83.5 

1 V"lues are mean Ph 010 SE (',O ) (n = 6). The .oN natural abundance P" estimates were 
calcutated according to the equation of Shearer and Kool (1986) ood errors calculated usirlg 
the equations of Phillips and Gregg (2001). 

Significant differences were found between the 315N values of nodules 

harvested from the different inocUlation treatments. Nodules formed by strains 

UCT61a and PPRICI3 on C. sublemata plants in the field (crown and distal 

nodules pooled) showed significantly higher (\15N values than those formed by 

strains UCT40a and UCT44b (1"way ANOVA for a ReB design, F{~,15J " 

4455. P '" 0.01 followed by Tukey HSD test, see Figure 7.3). Similarly, 

nodules formed by strains UCT61a and PPRICI3 on C. genistoides showed 

significantly higher (\15N values than those formed by strain UCT 44b (F\J,l ~ ) " 

9.28. P< 0.01). 
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Ch~E",,:r.!. Nursery and Field Trials 168 
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Figure 7.3. S" N (')'oo) values of nodules formed by the 4 Cyclopia strains on C. 
subtamala (A) and C. genislaidas (8) in the field. Values are mean 8" N and error 
bars represenl SE (n" 6). Dissimilar letters indicate a significant difference (one·way 
ANOVAs for a completely randomised block design followed by Tukey HSD tests, P 
<0.01). 

7,4 Discussion 

Inoculation in the nursery had a significant positive effect on shoot biomass 

and shoot N content (P < 0.01), but had no effect on rool biomass (P > 0.051. 

In Ihe nursery, cuttings utilise shoot N reserves to form roots, after which they 

replace shoot N through N uptake or N2 fixation. As the nursery mix was low 

in available N « 1 mg.kg·1 NH/ and N03', total N = 0.06%, Table 7.2), the 

uninoculated cuttings could not gain adequate shoot biomass or shoot N after 

rooting, as shown by their low biomass and plant N values. The inoculated 
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cuttings, on the other hand, were able to accrue N through Ni. fixatfon and 

inr.reased their shoot biomass, total N and percent N values. Inor.ulation was 

therefore essential in the nursery environment, as It allowed the rcded 

cuttings access to an adequate N supply, producing well-developed plants for 

transplantin~J into the field. 

In terms of strain performance In the nursery, inoculation with strains UCT61a 

and UCT44b inr.reased the gro\\1h of C. sub/emilta r.uttings, while strains 

UCT61a and PPRICI3 improved the growth of C genistoides. These strains 

produced hi~Jh nodule numbers and increased the quantity of N derived from 

fixation. Although strain UCT44b was not as effective as strains UCT61a and 

PPRICI3 in increaSing shoot % N, it was more invasive than the other strains, 

r.ontaminating a number of uninoculated control plants in the nursery 

The field trials showed inor.ulation to be essential for the sur.r.ess of Cyclopia 

at certain locations. Inoculated plants had signifir.antly higher fresh shoot 

yield, total dry biomass and total N compared to uninoculated plants (Table 

7,8). As the field r.ontained no delectable Cyclopia-compatible rhizo~a, the 

uninor.ulated plants relied solely on soil N for their N nutrition and Due to low 

levels of plant-available N in the soil (-< 1 mg,kg" NH/ and NO,-, Table 7,2), 

the plants pertormed poorly, producing yieldS up to 10 times lower than the 

inor.ulated plants. This findin~J is consistent with the data in Chapter 3, which 

showed limited growth in Cyclopia plants that were grown totally depr>ndent 

on soil N (N2 fixation limited by high 0" pressure) 

In terms of symbiotir. performance, strains UCf61a and PPRICIJ were more 

effer.tive than strains UCT44b and UCT40a. Strain PPRICI3 produced the 

largest increase in Cyclopia yiek! (fresh slloot biomass) and prcduced 

significantly higher yield, total dry biomass and plant N than strains UCT44b 

aod UCT40a (P -< 0.01, Table 78). Strain UCT40a performed poorly in the 

field, as it did in the nursery environment and, after 9 months in the field, 

strain UCT44b lost the superior symbiotic performance observed in tile 

nursery and showed poor symbiotic performance. 
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A. Streptomycin 

,oo ~-------------------------,;===============~ 
90 .PPRICI3 tzlUCT40a 

"' "* 70 
~ 00 

DUCT44b DUCT61a 

00 0,1 0.1 0.2 OA 0(; 0,8 1,0 1,2 14 1,(; 18 2,0 5,0 

Streptomycin concentration (LJg,rnL-') 

B. Spectinomycin 

we 
9D 
80 

2 70 
rn 
a 68 
rn 50 
a 
~ 40 
b 30 

28 

" 8 
0,0 0.2 0.4 0,6 0,8 1.0 2,0 5.0 10.0 20.0 

Spectinornycin concentraHon (ug.mL-') 

Figure 8.1 Intrinsic resistance of Cyclopia rhizobial strains to streptomycin sulphate 
(A) and spectioomydn dihydlochloride pentahydrate (8). Values are mean colony 
forming units (CFU) per plate. n " 3 and error bars represent standard errors, 

8.3.1.2 Integrity of antibiotically marked :;;train~ 

The uninoculated control jars showed significantly lower plant dry matter 

compared to the inoculated jars (Students t-test, tIFt])" 2.82, P < 0.01) and 

were rlOt nodulated, confirming the sterile nature of the experiment The 

antibiotic marker did not change the nodulation or Nz-fixing ability of any of the 

marked strains, as there were no significant differences in plant biomass, 

nodule mass or nodule number between treatments (acros~ all inoculated 
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treatments and when tested separately for each strain against its marked 

mutants, 1-way ANOVAs, P> 0.05). 

The antibiotkally marked strains varied in their ability to compete with their 

parents for nodule occupancy (Table 8.2). Marked strains of UCT44b and 

UCT61a showed significantly reduced competitive abilities, while marked 

strains of PPRICI3 retained their competitive abilities. Marked strain 

UCT40aMl<d2 also retained its competitive ability, while marked strain 

UCT40aMl:d1 showed increased competitive ability compared to its unmarked 

parent. 

Table 8.2. Competitive abilities of antibiotically-marked strains compared to their 
unroorked parents. 

Treatment Number of Number able '!. Nodule Competitive 
isolates to grow on occup~ncy ability of 
tested YMA+ by marked marked 

antibiotics strain strain 

UCT40a + UCT40~M/(dl " " 75.0 • , 
UCT40a + UCT40aMkd2 " " 50.0 " 
UCT44b + UCT44bMkdl " 

, 22.2 • , 
UCT44b + UCT44bMkd2 " " 31.6 * , 
UCT44b + UCT44bMkd3 " " 38.5 " 
UCT61a + UCT61aMkdl " 0 o • , 
UCT61a + UCT61aMkd2 ;, 0 o • , 
UCT61a + UCT61aMkd3 eo 0 o • , 
PPRICI3 + PPRICI3MI<dl " " 60.0 " PPRICI3 + PPRICI3Mkd2 " " 61.2 " PPRICI3 + PPRICI3Mkd3 " " 32.3 " 

• Denotes significant deviation fn:rn the ex>",cted frequency 0/ 50% nodule occl.lParocy using 
a -l test on pooled data. P < 0.05, Symbols indicate I = inc.-eased, U = unchar.ged and R = 
reduced competitive abil~y of the marked strain compared to its unmarked parent. 

The marked strains also varied in their retention of the antibiotic resistance 

marker after plant passage (Table 8.3), Marked PPRICI3 strains retained their 

resistance marker, while those of UCT40a and UCT44b showed a slight 
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reduction in antibiotic resistance. Two of the marked UCT61a strains 

(UCT61 aMhdl and UCT61 aM>d2) losl their antibiotic marker after plant passage. 

Table B.3. Retention of the antibiotic resistance marker after plant passage. 

Number able % Retention of 
Marked Strain Number of to grow on antibiotic 

isolates tested YMA+ rni$tance 
antibiotics 

UCT40aMkdl " " 92.0 
UCT40aMkd2 " " no 

UCT44bMkdl " '" no 
UCT44bMkd2 " H 81.0 
UCT44bMkd3 " " 

84.2 

UCT61aMkdl " 0 0 
UCT61:oMkd2 " 0 0 
UCT61:oM!<d3 " n '00 

PPRIC13Mkdl W " '00 
PPRIC13Mkd2 W " '00 
PPRIC13Mkd3 '" " '00 

8.3.2 Indirect ELISA tests 

Results of the cross-reaction tests using the pure antigens PPRICI3, UCT 40a, 

UCT44b and UCT61a (isolated from nodules of plants inoculated with these 

strains) are shown in Figure 8.2. Absorbance readings were clear and 

unambiguous and there were no cross-reactions (i.e. no false positive results 

for non·appropriate antigen x antibody combinations). In addition. non-specific 

adsorption (onto plant tissue and with the PBS substrate) was low (:0: 0.15 

00 .. 05 ). There was some variation in the reactivity of the primary antibodies. 

Antibodies raised against strains UCT44b and UCT6ta produced readings of 

~ 1.50 OD.o~ , while strains PPRICI3 and UCT40a gave lower positive 

readings of about 1.0 004~. The negative readings for all strains were c; 0.50 

OD.o~ . but were higher for strain UCT40a than the other 3 test strains. 
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" 1" Antibodies 

" 
2 .PPRICt3 

~ c I:?:IUCT40a 
u 
rn " DUCT44b • DUCT6ta , , 
• 0 

0 
0' 

0 

PPRICI3 UCT40a UCT44b UCT61a Plant tissue 

Antigen 

Figure B.2. Cross-reaction tests. Results of indirect EliSAs testing the ..-imary 
antibodies against the 4 test antigens. as well as against plant tissue am PBS 
controls. Nine antigens were prepared for each test strain and each was assayed in 
duplicates. Error bars represent standard errors and are I"\Ot visible. as ranged from 
0.001 - 0.006 00,01;. 

Cross-reaction tests using random antigens extracted from the 3 farm soils 

produced less defined readings and there were a number of distinct cross­

reactions (Table 8.4). The primary antibodies raised against strains UCT40a 

and UCT61a gave absorbance readings that were unambiguously negative (~ 

0.30 OD40~). Optical density readings were somewhat higher (0) 0.50 OO~) 

for the antioody raised against strain UCT44b. but all readings. except those 

from one antigen, were still distil"lQuishable as negative. The readings for the 

primary antibody raised against strain PPRICI3 were ambiguous (~ 0.50 

00405) and the antibody proouced many false positive readings (;>: 1.0 A.o~). 

Cross-reactions were more than 50% for each farm soil. For t~e antigens 

isolated from soils of Rein's farms (P5) soil. the indirect ELISA with this 

primary antibody produced 90% false positive readings (Table 8.4). 
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coarse 

Soil 

Waboomskraal 

Soil 

Stellenbosch 

%N 

4.2 0.04 

4.0 0.10 

4.2 0.16 

Coarse 

36 

10 

7 

an 

<1.00 <1.00 7.3 

4.18 < 1.00 36.3 

1.05 < 1.00 9.3 

in 

sand 
Fine 
sand 

44 

5 

20 

30 

10 

4 

4 

a 

K 

71.0 

137.3 

97.7 

Silt II/II C 

22 3.7 

12 5.3 

20 11.4 

MPN 

0.0 

24.2 

4.6 

some 

Water 

31.0 

35.5 

58.0 
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Leonard Test strain No. nodules 

Sterile sand UCT40a 8 

12 

a 8 

Stell en bosch UCT40a 27 

soil 26 

a 32 

No. nodules 
value 

2 2.0 

9 3.0 

6 2.0 

11 0.9 

14 0.2 

20 3.1 

versus 

or 

were 

% Nodule 
occupancy 

test strain 

25.0 

75.0 

75.0 

40.7 

53.8 

65.6 
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Treatments 

Farm 

Inoculation 
treatment 

Farm x 

PPRICI3 

UCT44b 
a 

Uninoculated 

193.95 ± 23.58 a 
21.78 ± 3.78 b 

.3 ** 

134.83 ± 37.46 
97.22 ± 27.62 
89.74±31.10 
84.79 ± 25.85 
99.18 ± 58.00 

0.5ns 

ns 

are mean ± SE and different 
at more than one location TOUIOWE3C 

treatments and for the 
difference. 

N 

I 

1.23±0.19a 
0.06 ± 0.08 b 

49.8 ** 

0.70 ± 0.33 
0.42±0.17 
0.50 ± 0.25 
0.39 ± 0.14 
0.57 ± 0.33 

1.9 ns 

1.8 ns 

Crown nodules nodules 

Nodule Nodule mass Nodule number 
number I 

49.12 ± 14.73 33.6 ± 9.3 ±64.34 a 254.5 ± 55.1 a 
37.00 ± 8.30 29.4 ±4.9 99.82 ± 22.02 b 90.9± b 

ns ns ** * 

32.94 ± 7.56 36.6 ± 11.7 ± 67.99 229.5± 72.9 
40.27 ± 9.01 36.4 ± 9.6 ± 104.53 197.0 ± 98.5 
37.61±9.11 29.2 ± 7.4 210.34 ± 86.96 124.0 ±46.0 
38.04 ± 31.6 ± 1 109.99 ± 19.84 118.7 ± 35.3 
62.50 ± 30.97 20.0 ± 6.4 ±8.80 73.8 ± 30.1 

ns 0.2 ns 2.02 ns 1.3 ns 

ns 0.3 ns 1.86 ns ns 

for a .. "" ... n .... ',. ... " 

a location error. 
at P < 0.01, ,. at P < 0.05 and ns no 
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% Nodules test strain 

Treatments CROWN DISTAL 

Farm 44.00 ± 12.61 23.56 ± 7.80 
Waboomskraal 49.93 ±8.28 14.62 ± 4.90 

F (1,111) 0.1 ns 1.3 ns 

Inoculation UCT40a 53.47 ± 15.28 6.06 ± 4.80 b 
treatment UCT44b 31.99 ± 7.40 25.75 ± 9.31 a 

UCT61a 59.17 ± 12.24 25.45 ± 7.84 a 

F (4,40) 0.3 ns 5.1 ,. 

Farm x Inac. 0.4 ns 3.3 ns 

Dissimilar within a 
for a randomised 

HSD tests. ,. a 

1oor-~----~----r---~-----r~ 

B 

a 

b 

100 ,..--.----...-----..------..-----.---, 

D 

Crown nodules Distal nodules 

Test strain 
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Treatments 

26.77 ± 2.54 a 
13.07 ± 0.87 b 

50) 37.3-

Inoculation 

PPRICI3 20.44 ± 4.20 ab 
23.93 ± 4.33 a 
24.66 ± 5.20 a 
15.75 ± 2.08 b 
17.69 ± 1 .86 b 

50) 3.2 -

x inoc. 

50) 3.0 -

t Values are mean ± SE 
... denotes a 

was a 

was 

N 

I 

8.74 ±0.89 a 
2.90 ±0.20 b 

--

6.33 ± 1.96 
6.62 ± 1.47 
7.22 ± 1.79 
4.43± 0.93 
4.48 ±0.84 

1.8 ns 

1.6 ns 

Nodule 
number 

24.62 ± 2.85 a 
6.90 ±0.76 b 

36.7 ** 

17.45± 5.04 
19.91 ±4.26 
15.83 ±4.22 
16.25±4.51 
8.82 ± 2.04 

1.3 ns 

0.5ns 

Nodule mass 
I 

55.97 ± 6.74 a 
6.77 ± 1.13 b 

62.1-

39.64 ± 14.30 
34.88 ± 8.51 
42.18 ± 13.03 
22.29 ± 6.57 
16.95 ± 6.27 

2.0 ns 

1.7 ns 

different letters within a column indicate 
effect at P < 0.01, ,. at P < 0.05 and ns no 

x 

in 2 
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Inoculation PPRICI3 
UCT40a 

UCT61a 
No 

25) 

Waboomskraal 

PPRICI3 

25) 

are mean ± 
differences ... Denotes a 

2 

or 

Shoot fresh 
biomass 

I 

25.69± ab 
33.51 ± 4.49 a 
37.62 ± a 
1 ± 3.16 b 
1 ±2.04 b 

3.6 '" 

15.19±1.60 
14.36 ±2.50 
11.58 ± 1.92 
12.13±1.25 
12.10 ± 2.59 

0.6 ns 

Shoot N 
I 

9.10 ± 3.56 
10.13 ± 1.21 
11 ± 

6.24 ± 1 
6.31± 0.90 

1.8 ns 

±0.30 
±0.67 

2.55 ± 0.38 
2.61 ± 
2.66 ± 0.53 

0.8 ns 

Nodule 
number 

26.83 ± 
29.17 ± 5.06 
25.17 ±6.53 

± 6.91 
± 8.49 

0.9ns 

8.80 ± 2.56 
6.50 ± 2.22 
6.16 ± 0.99 
8.67 ± 1.11 
4.67 ± 1.05 

1.0 ns 
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a 

Nodule 
biomass 

I 

70.03 ± 22.73 
79.47± 9.99 
38.46 ± 13.77 

± 9.13 
±8.65 

1.8 ns 

12.12 ± 3.64 
4.88± 
6.12 ± 0.96 
9.25± 1.35 
2.35 ± 0.70 

2.4 ns 

letters within a column indicate 
at P < 0.05 and ns no 

no on 

1 
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2 

Strain 

UCT40a 

UCT61a 

Treatments 2 fresh Shoot N 
biomass 

I I 

F (2,33) 1.82 ns 1.23 ns 

13.32 ± 2.96± 
12.10 ± 2.59 2.66± 
1 ± 1.10 ± 

F (2,33) 0.98 ns 0.17 ns 

are mean ± per ns::: no 

treatment is the 4 

4.8±2.9 
4.9 ± 3.9 
5.9 ± 3.6 

0.14 ns 

Waboomskraal 

16.7 

Not 

Nodule 
biomass 

I 

26.88 ± 3.21 60.45± 7.68 
± 3.12 19.34 ± 8.65 
±3.34 56.81 ± 

1.84 ns 1.28 ns 

7.63± 8.44 ± 1.36 
4.67 ± 1.15 2.35± 
5.67 ± 1.38 ± 

1.10 ns 2.93 ns 

P> 

treatments ::: 

in 

± SE (n ::: 6, with 10 - 16 nodules l'In::lIIVSE~n 
P > For the 
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A. Kanetberg 

:,-------------;:::~~ 01 ElFieldlrials C8 valJes! 

UCHOo LCTGIJ l1nlnocu\a'ooj R"'-". noe 

B. Waboomskraal 

UCT4o. UGT61 . UCTGlJ l1nnocu "'od Ref.fOOC. 
plont 

Inocu lll1iun t"" tme"', 

Figure 9.3. Foliar o" N values (%0) obtained for Kanetberg (A) and Walxomskraal (8) 
soils in field and glasshouse experiments. Data are means (n " 6) and error bars 
represent standard errors. 
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00 
I CilFieid trial DGl8ss~se 11 I 

" 
Ji ro 

00 , 
" '" eo 

" " , 
.0, ci3 n011lOC 

Ir.oculation treatment 

Figure 9.4. N2 fixation estimates (P,,) for Cyclopia subtemata inoculated with 4 
Cyclopia rhizobial strains under field and glasshouse cOrlditions in Kal1ettJ.erg soils. 
Estimates are mean Ph (%) + SE (n=6) per plant. SE values were calculated using 
the equations of Phillips and Gregg (2001). 

9.4 Discussion 

The glasshouse competition stlJdies found the UCT strains (UCT40a, UCT44b 

and UCT61a) to be equally competitive 10 strain PPRICI3, the strain 

recommended for Cyclopia cultivation. Although comparative glasshouse 

experiments such as this one are useful in screening for potential competitive 

ability, the peliormance of slrafrls under field conditions provides more useful 

information regarding their potential as inoculant strains (Brockwell e/ al .. 

1995a). 

The Cyclopia strains performed poorly in the field. At Waboomskraal. the UCT 

strains gained occupancy of only 11 - 22% of the distal root nodules (Figure 

9.2). Nodule occupancy was also low at Kanetberg. At this site. strain 

UCT40a formed no distal nodules. although strains UCT44b and UCT61a 

performed belter, respectively gaining 30 ± 16% (mean ± SE) and 42 ± 13% 

occupancy of distal nodules (Ffgure 9.2). The test strains showed greater 

occupancy of nodules formed til the transplant plug (the crown nodules). At 
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